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1.  INTRODUCTION 


I . I  Background 

Due  to  the  high  acoustic  levels  in  the  Space  Shuttle  orbiter  payload  bay,  the 
final  dynamic  testing  of  orbiter  payloads  is  usually  accomplished  using  random 
acoustic  excitation.  This  is  appropriate  for  payloads  with  large  exterior 
surface  areas,  since  the  vibration  environment  induced  by  acoustic  impingement 
on  the  exposed  surfaces  dominates  the  structureborne  vibratory  energy 
transmitted  through  the  payload  attachment  points  from  the  orbiter  vehicle,  at 
least  at  frequencies  above  about  50  Hz.  For  smaller  payloads,  however,  this 
is  not  always  true,  particularly  for  payloads  with  open  truss  structures  or 
other  exterior  surfaces  that  have  dimensions  smaller  than  the  wavelengths  of 
the  payload  bay  acoustic  pressure  field.  In  such  cases,  it  is  probable  that 
the  vibration  transmitted  through  the  attachment  points  from  the  orbiter 
structure  will  dominate  the  acoustic  -  induced  vibration  levels,  meaning  that 
the  payload  will  be  undertested  by  conventional  acoustic  tests,  at  least  at 
frequencies  below  300  Hz  where  the  acoustic  wavelengths  at  lift-off  are  in 
excess  of  4  ft.  Hence,  direct  mechanical  vibration  at  the  payload  attachment 
points  becomes  necessary  to  test  these  payloads  properly  for  their  dynamic 
environment . 

Mechanical  vibration  tests  for  space  vehicle  payloads  were  introduced  in  the 
late  1950' s  and  were  widely  employed  by  both  NASA  and  USAF,  and  their 
contractors,  into  the  1970' s.  Such  testing  techniques  for  full-scale  payloads 
started  yielding  to  acoustic  tests  in  the  late  1970's,  at  least  at  frequencies 
above  50  Hz,  for  three  important  reasons: 

(a)  It  was  assumed  (sometimes  incorrectly)  that  the  payload  vibration 
environment  was  due  primarily  to  direct  acoustic  excitation  rather  than 
structureborne  excitation  through  the  payload  attachment  points. 

(b)  Acoustic  test  facilities  became  available  which  could  provide  the  needed 
acoustic  levels  for  testing  purposes  at  reasonable  cost. 
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(c)  Accurate  vibration  testing  of  payloads  exceeding  a  few  hundred  pounds  in 
weight  was  not  feasible  due  to  the  inability  of  vibration  testing 
shakers  to  match  the  impedance  of  the  actual  structure  to  which  the 
payload  was  attached  in  service.  This  problem  was  aggravated  by  the 
fact  that  some  payloads  have  multiple  attachment  points  with  different 
vibration  levels  and  source  impedances. 

The  last  noted  problem  is  one  that  still  restricts  the  ability  to  perform 
accurate  vibration  tests  on  entire  payload  assemblies  today.  Since  there  is 
clearly  a  need  to  perform  vibration  tests  on  certain  types  of  small  payloads 
where  acoustic  tests  are  not  appropriate,  a  resolution  to  this  testing  machine 
interface  impedance  problem  is  needed. 

1 ■ 2  Technical  Discussion 

A  number  of  basic  documents  such  as  References  1  through  3,  that  summarize 
general  procedures  for  arriving  at  vibration  tests  specifications  for 
spacecraft  and  their  components,  have  been  published  over  the  years.  Beyond 
these  basic  documents,  literally  hundreds  of  other  technical  papers  have  been 
published  on  the  subject.  An  underlying  problem  acknowledged  in  many  of  these 
documents  and  papers  is  the  interface  impedance  and  multiple  attachment  point 
problem  inherent  in  the  vibration  testing  of  large  structural  assemblies  such 
as  spacecraft  or  other  space  vehicle  payloads. 

The  interface  impedance  problem  evolves  from  the  fact  that  the  vibration  input 
at  payload  attachment  points  depends  heavily  upon  the  detailed  dynamic 
characteristics  of  the  payload  and  the  structure  to  which  it  attaches.  Using 
mechanical  analogies  to  Morton's  theorem,  the  problem  can  be  illustrated  using 
the  circuit  shown  in  Figure  1  where 

F(f)  -  Fourier  transform  of  the  force  applied  to  a  structure  with  a 
mounting  point  impedance  of  Zg(f)  ”  F(f)/Vg(f) 

V  (f)  -  Fourier  transform  of  the  velocity  response  of  the  unloaded 
structure 
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V(f)  -  Fourier  transform  of  the  velocity  response  of  the  structure 
loaded  with  a  second  substructure  (payload)  having  a  driving 
point  impedance  of  Zp(f). 

The  force  and  velocities  for  the  unloaded  structure  in  Figure  1(a)  are  related 
by 


F(f)  -  Vs(f)Zs(f)  (1) 

UTien  a  load  with  a  driving  point  impedance  of  Zp(f)  is  introduced,  as  shown  in 
Figure  1(b),  the  force  and  velocity  relationship  is 

F(f)  =  V(f)[Zg(f)  +  Zp(f ) ]  (2) 

It  follows  from  Eqs .  (1)  and  (2)  that 

Vs(f)Zs(f)  =  V(f)[zs(f)  +  Zp(f ) ]  (3) 

which  may  be  written  as 

V(f)/Vs(f)  -  1/t 1  +  Zp(f)/Zs(f)]  (4) 

It  is  clear  from  Eq .  4  that  the  interface  velocity  between  the  mounting 
structure  and  the  payload  is  a  function  of  the  mounting  point  impedance,  as 
well  as  the  payload  impedance.  In  particular,  at  the  resonance  frequencies  of 
the  payload,  where  Zp(f)  becomes  very  large,  the  velocity  of  the  mounting 
structure  is  reduced.  However,  vibration  test  specifications,  which  generally 
represent  an  envelope  of  the  free  mounting  structure  vibration  levels,  do  not 
allow  for  this  reduction  in  vibration  level  at  the  resonance  frequencies  of 
the  payload;  they  essentially  test  the  payload  as  if  the  source  impedance, 

Z  (f)  >  Z  (f),  which  may  not  be  true  in  practice. 

Throughout  the  research  and  analyses  described  in  this  report  it  has  been 
assumed  that  the  structure  of  the  orbiter,  the  adaptive  payload  carrier,  and 
the  payload  are  linear.  This  linearity  assumption  implies  that  the  deflection 
of  any  point  is  directly  proportional  to  the  magnitude  and  direction  of  the 
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applied  force,  and  thaC  the  damping  is  small  and  may  be  represented  by  an 
equivalent  viscous  or  hysteretic  damping.  These  are  common  and  well  justified 
assumptions  for  most  aerospace  structures.  A  feature  not  covered  by  the 
linearity  assumption  is  the  presence  of  gaps  or  clearances  at  the  attachments 
of  the  Adaptive  Payload  Carrier  (APC)  to  the  orbiter  sidewall.  These  gaps 
allow  the  APC  to  rattle;  the  influence  of  the  gaps  on  a  vibration  test 
procedure  will  be  investigated  in  the  Phase  II  effort. 

1 . 3  Testing  Procedures 

In  practice,  direct  mechanical  vibration  tests  of  large  test  articles,  like 
space  vehicle  payloads,  are  usually  performed  using  either  an  electrodynamic 
or  hydraulic  driven  shaker  which  has  an  output  impedance  that  bears  little 
resemblance  to  the  output  impedance  of  the  structure  to  which  the  payload 
attaches  in  service.  More  importantly,  it  has  been  traditional  to  specify 
vibration  test  criteria  in  terms  of  a  shaker  table  motion,  usually  stated  in 
terms  of  an  acceleration  spectral  density  (in  g  /Hz)  as  a  function  of 
frequency.  An  equalizer  system  in  the  shaker  control  system  then  adjusts  the 
input  power  to  the  shaker  to  whatever  value  is  needed  to  maintain  the 
specified  table  motion.  This  is  essentially  forcing  the  shaker  to  appear  as 
if  it  has  an  infinite  output  impedance;  i.e.,  the  test  item  does  not  load  the 
shaker  table  nor  does  its  presence  cause  the  shaker  to  change  its  vibratory 
motion.  The  result  is  often  severe  overtesting  of  the  test  article, 
particularly  at  the  resonance  frequencies  of  the  test  article. 

Many  approaches  have  been  proposed  over  the  years  to  deal  with  this  inherent 
problem  in  mechanical  vibration  testing,  including  the  following. 

1.  Force-controlled  vibration  testing. 

2.  Testing  of  the  test  article  on  its  support  structure. 

3.  "Notching"  of  the  specified  test  levels. 

4.  Testing  with  multiple  mode  test  fixtures. 

5.  Response-controlled  testing. 

6.  Analytical  corrections  for  the  interface  impedance. 
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Vibration  testing  based  on  specified  input  forces  rather  than  input  motions 
would  alleviate  the  interface  impedance  problem,  but  this  approach  requires  an 
accurate  prediction  of  the  input  forces  from  the  support  structure,  which  is 
not  the  customary  way  of  predicting  vibration  environments.  The  procedure 
would  also  require  the  use  of  force  transducers  between  the  shaker  table  and 
test  article  during  testing,  which  is  more  complicated  than  controlling  the 
motion  of  the  shaker  table. 

Mounting  the  test  article  on  its  natural  support  structure  and  testing  the 
entire  assembly  is  a  viable  approach  for  relatively  small  components,  but  is 
generally  impractical  for  Space  Shuttle  payloads  since  it  would  require  a 
dynamically-accurate  physical  mode  of  the  orbiter  in  a  test  facility  that 
could  reproduce  the  lift-off  acoustic  loads. 

"Notching"  of  the  specified  test  levels  means  that  the  shaker  table  vibration 
levels  are  allowed  to  decrease  below  the  specified  test  levels  at  frequencies 
where  the  test  article  displays  resonant  responses.  This  procedure  is 
somewhat  arbitrary  and,  hence,  allows  for  the  possibility  of  undertesting. 

Testing  with  a  multiple  mode  test  fixture  that  simulates  a  general  multi-mode 
support  structure  was  originally  proposed  in  Reference  4.  Like  notching,  the 
procedure  is  somewhat  arbitrary  since  the  test  fixture  impedance  will  not 
necessarily  represent  the  mounting  point  impedance  for  the  test  article  in 
practice . 

Response-controlled  testing  is  the  most  common  approach  employed  at  this  time 
to  suppress  the  overtesting  that  may  result  due  to  the  interface  impedance 
problem.  References  5  and  6  present  early  arguments  for  response-controlled 
testing,  which  has  since  been  recommended  for  the  testing  of  relatively  heavy 
aerospace  payloads  (such  as  externally  carried  aircraft  stores)  in  MIL-STD- 
810C.  Such  an  approach  for  Space  Shuttle  payloads  is  restricted  by  the  fact 
that  payload  response  environments  are  not  well  defined. 

The  use  of  analytical  corrections  to  vibration  test  specifications  that  will 
account  for  the  interface  impedance  has  historically  reduced  to  little  more 
than  mass  law  corrections  which  do  not  really  solve  the  problem.  In  this 
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respect,  it  is  often  argued  that  one  rarely  has  sufficient  knowledge  of  the 
mounting  point  impedance  of  the  support  structure  to  justify  any  action  beyond 
a  mass  law  correction  with  "notching"  at  test  article  resonances. 

Although  none  of  the  preceding  approaches  has  been  fully  successful  in 
eliminating  the  interface  impedance  problem  in  general  vibration  testing,  the 
premise  of  the  present  study  is  that  one  or  more  of  the  approaches  might  be 
effective  in  dealing  with  the  problem  for  the  specific  case  of  Space  Shuttle 
payloads,  for  two  reasons: 

1.  The  Space  Shuttle  presents  a  relatively  small  number  of  mounting  point 
impedance  functions  for  payloads,  and  these  impedance  functions  can  be 
measured . 

2.  Most  mechanical  vibration  testing  today  is  accomplished  using  computer 
controlled  shakers  which  allow  enormous  flexibility  in  the  design  of 
test  levels. 

Hence,  a  thorough  study  has  been  performed  of  possible  procedures  for 
specifying  accurate  mechanical  vibration  tests  of  Space  Shuttle  payloads, 
which  properly  account  for  the  mounting  point  impedance  problem.  The  study 
has  the  objective  of  improving  payload  vibration  test  procedures  for  those 
Space  Shuttle  payloads  (generally  the  small,  sidewall-mounted  payloads)  where 
the  vibration  environment  is  dominated  by  the  structureborne  transmission  of 
energy  from  the  orbiter  through  the  payload  attachment  points. 

1 . 4  Response  Functions 

The  fundamental  presentation  given  in  Section  1.2  is  in  terms  of  mechanical 
impedance  Z(f) ,  which  is  defined  as  the  ratio  of  excitation  force  to  response 
velocity 


Zp(f)  -  F(f )/V(f)  (5) 

The  inverse  of  the  impedance  is  the  mobility  function  Y(f).  Equally  well,  the 
response  could  be  presented  in  terms  of  the  apparent  weight  Wp(f) 
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wp(f)  -  F(f)/A(f) 


(6) 


where  A(f)  is  the  Fourier  transform  of  the  interface  acceleration  a(t) , 
measured  in  g  units.  The  reciprocal  of  the  apparent  weight  is  the  inertance 
1(f).  These  parameters  are  interrelated,  for  example 

V(f)/Vs(f)  -  [1  +  Zp(f)/Zs(f) ] '1 

-  [1  +  wp(f)/ws(f) )  1 

-  A(f)/As(f)  (7) 

The  parameters  are  used  essentially  interchangeably  in  this  report. 

1 • 5  Report  Organization 

The  report  is  divided  into  the  main  text  and  a  number  of  appendices.  Section 
2  of  the  report  presents  the  results  of  a  literature  search  for  documents 
associated  with  vibration  test  procedures  and  outlines  the  three  procedures 
selected  for  study.  The  procedures  are  motion  correction,  blocked  force- limit 
and  apparent-weight-simulation.  Most  of  the  characteristics  associated  with 
the  impedance  problem  are  illustrated  in  Section  3  by  means  of  the  analysis  of 
a  1-dof  payload  on  a  simple  panel.  Then  Section  4  discusses  a  finite  element 
analysis  of  an  OASIS-1  payload  attached  to  the  sidewall  of  the  Space  Shuttle 
payload  bay. 

Sections  5  through  8  present  the  results  from  a  variety  of  experiments. 
Impedance  measurements  were  made  on  the  sidewall  structure  of  Shuttle  orbiter 
0V-101  (Enterprise);  the  results  are  presented  in  Section  5.  In  laboratory 
studies,  a  simple  stiffened  panel  and  a  multi-dof  payload  were  tested  with 
reverberant  acoustic  (Section  6)  and  mechanical  vibration  (Section  7) 
excitations.  The  results  from  these  two  tests  are  evaluated  in  Section  8. 
Then,  conclusions  from  Phase  I  and  recommendations  for  Phase  II  are  given  in 
Section  9. 

Four  appendices  are  attached  to  the  report.  Appendix  A  presents  short  reviews 
of  66  documents  reviewed  as  a  result  of  the  literature  search.  Appendix  B 
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contains  data  from  the  0V-101  impedance  measurements.  Appendix  C  presents 
data  from  the  acoustic  excitation  tests  on  the  simple  panel  and  Appendix  D 
contains  data  from  the  vibration  (shaker)  tests  on  the  simplified  payload. 
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2.0  DISCUSSION  OF  APPROACHES 


The  study  began  with  a  thorough  literature  search  and  review  of  prior 
investigations  of  the  mounting  point  impedance  problem  in  mechanical  vibration 
testing.  Various  references  were  evaluated  in  the  specific  context  of 
possible  vibration  testing  procedures  appropriate  for  Space  Shuttle  orbiter 
sidewall -mounted  payloads.  From  these  evaluations,  candidate  procedures  were 
selected  for  experimental  investigations. 

2 . 1  Literature  Survey 

Using  primarily  the  STAR  and  DIALOG  information  services,  a  total  of  64 
references  were  identified  that  directly  relate  to  the  mounting  point 
impedance  problem  in  mechanical  vibration  testing.  These  references  are 
listed  with  brief  summaries  in  Appendix  A.  It  is  seen  in  Appendix  A  that  the 
references  are  divided  into  six  broad  categories,  as  follows: 

(a)  General  References  -  24 

(b)  Input  Force  Control  Procedures  -  12 

(c)  Response  Control  Procedures  -  9 

(d)  Impedance  Correction  Procedures  -  7 

(e)  Impedance  Simulation  Procedures  -  7 

(f)  Acoustic  Testing  Procedures  -  5 

It  should  be  emphasized  that  the  above  division  of  the  references  is  very 
general  and  many  of  the  references  actually  suggest  procedures  that  fall  into 
two  or  more  of  the  noted  categories. 

After  a  preliminary  review  of  the  references,  several  approaches  were 
immediately  discarded  as  being  inappropriate  for  Space  Shuttle  sidewall- 
mounted  payload  applications.  These  immediately-discarded  approaches  were: 

1.  Those  input  force  control  procedures  that  require  the  use  of  force  gages 
between  the  test  item  and  its  supporting  structure  or  the  shaker  (e.g., 
Appendix  A,  [2-5])  were  not  considered  practical  because  reliable 
transducers  that  will  measure  a  net  force  into  a  test  item  with  multiple 
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attachment  points  are  not  readily  available.  However,  those  input  force 
control  procedures  based  upon  estimated  input  forces,  using  input 
acceleration  and  impedance  measurements,  or  the  armature  current  in  an 
electrodynamic  shaker,  were  viewed  as  practical  and  received  further 
consideration. 

2.  Those  response  control  procedures  that  require  actual  response 
measurements  on  the  payload  in  service  (e.g.,  Appendix  A,  [3-3])  were 
not  considered  practical  for  Space  Shuttle  applications  since  most 
Shuttle  payloads  represent  unique  designs.  However,  those  response 
control  procedures  that  use  calculated  response  limits  were  viewed  as 
practical  and  received  further  consideration. 

3.  Impedance  simulation  procedures  involving  mechanical  devices  (special 
fixtures)  have  shown  some  promise  at  the  higher  frequencies  where  the 
modal  density  of  the  mounting  structure  is  high  (Appendix  A,  [5-6]),  but 
the  technique  is  not  effective  at  the  lower  frequencies  of  interest  for 
Space  Shuttle  applications.  However,  electrical  impedance  simulation  in 
the  shaker  was  considered  practical  and  received  further  consideration. 

4.  To  be  effective  and  accurate  for  Space  Shuttle  applications,  the 
acoustic  testing  approach  would  require  a  detailed  mechanical  model  of 
the  orbiter  sidewall  structure,  and  an  acoustic  test  facility  that  is 
large  enough  to  enclose  the  sidewall  model  and  simulate  orbiter  lift-off 
acoustic  levels.  Very  few  contractors  have  the  capability  to  build  and 
operate  such  a  test  facility  and,  hence,  this  approach  was  not 
considered  further. 

Those  references  covering  the  approaches  considered  viable  were  studied 
further  to  arrive  at  a  final  selection  of  candidate  procedures.  Actually,  the 
final  selection  of  candidate  procedures  was  not  made  until  after  extensive 
parametric  studies  of  simple  computer  models  (covered  in  Section  3) ,  and 
discussions  with  the  Air  Force  contract  monitors.  The  final  selection 
involves  three  approaches,  which  will  henceforth  be  identified  as  follows: 
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1.  The  motion  correction  procedure. 

2.  The  blocked  force  limit  procedure. 

3.  The  apparent  weight  simulation  procedure. 

In  each  of  the  above  listed  procedures  one  common  simplifying  assumption  is 
made;  the  motion  of  the  structure  at  the  payload  mounting  points  can  be 
represented  by  a  spectrum  (in  each  direction)  at  a  single  reference  point,  and 
the  payload  will  be  tested  on  a  shaker  table  having  uniform  motion  at  all 
attachment  points.  This  assumption  reduces  the  complex,  multi  -  degree  -  of - 
freedom  motion  of  the  mounting  point  and  payload  to  rectilinear  motion  in  the 
3  principal  axes.  The  assumption  is  justified  by  its  success  in  many  years  of 
environmental  testing  experience,  and  by  the  lack  of  a  credible  and  feasible 
procedure  to  do  otherwise.  Procedures  for  the  determination  of  equivalent 
single  point  impedances  (or  mobilities,  inertances ,  apparent  weights)  for 
payloads  and  structures  with  multiple  attachment  points  are  given  in  Section 
7.4. 

2 . 2  Orbiter  Sidewall  Vibration  Test  Specification 

Before  detailing  the  candidate  vibration  testing  procedures,  it  is  important 
to  review  the  current  vibration  test  criterion  for  Space  Shuttle  orbiter 
sidewall-mounted  payloads,  and  the  manner  in  which  it  may  lead  to  the  severe 
overtesting  of  payloads.  The  applicable  test  specification  is  SD-CF-0206  [7]. 
The  specific  vibration  test  criterion  in  terms  of  an  acceleration  auto  (power) 
spectral  density  function  at  the  mounting  points  of  the  payload  is  shown  in 
Figure  2. 

The  vibration  test  levels  shown  in  Figure  2  were  arrived  at  by  enveloping  a 
collection  of  autospectra  for  vibration  measurements  made  on  the  Space  Shuttle 
orbiter  sidewall  during  five  separate  STS  launches,  as  summarized  in  Table  1. 
The  full  details  of  the  measurements  are  available  from  the  NASA  "DATE” 
reports  for  those  launches.  Most  of  the  measurements  were  made  on  "hard" 
structure  near  the  mounting  points  of  payloads  or  orbiter  equipment.  The  test 
level  was  arrived  at  by  drawing  three  straight  lines  on  log- log  paper  that 
exceeded  at  each  and  every  frequency  the  highest  spectral  density  value  of  the 
22  vibration  measurements  shown  in  Table  1.  This  approach  is  consistent  with 
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STRUCTURE  BORNE  RANDOM  VIBRATION 

DoD  SIDEWALL  MOUNTED  PAYLOAD/COMPONENT 


N  FOR  SPACE  SHUTTL 


Table  1.  Summary  of  Vibration  Measurements  Used  to  Generate  the  Test 

Criteria  in  SD-CF-0206. 


Measurement!  Axis  |  Station  Number  |  Description  of  Location  |  STS  Flights 


V08D9249 

1 

1 

X 

|  868,  -35,  357 

! 

I 

0STA-1  tneas.  shelf,  LH*  | 

1 

2 

V08D9250 

1 

1 

1 

y 

1 

|  868,  -35,  357 

1 

1 

1 

OSTA-1  meas.  shelf,  LH  | 

2 

V08D9251 

1 

1 

z 

1 

|  868,  -35,  357 

1 

1 

1 

OSTA-1  meas.  shelf,  LH  | 

1 

2 

V08D9273 

1 

1 

1 

X 

1 

|  1187,  -14,  428 

1 

1 

I 

DFI  pallet  beam 

1 

,  LH  | 

2, 

3 

V08D9274 

1 

1 

1 

X 

1 

|  1187,  -14,  428 
| 

1 

1 

| 

DFI  pallet  beam 

1 

,  LH  | 

2, 

3 

V08D9335 

1 

1 

1 

y 

1 

|  679,  -96,  409 
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traditionally  accepted  practices  for  deriving  vibration  test  specifications 
for  aerospace  vehicle  components  [8]. 


When  applying  the  test  criterion  in  Figure  2,  or  any  similarly  derived  test 
specification,  it  is  understood  that  the  actual  vibration  spectrum  that  the 
payload  will  see  when  mounted  on  the  orbiter  sidewall  (referred  to  hereafter 
as  the  service  vibration  input),  will  have  peaks  and  notches,  as  illustrated 
in  Figure  3.  Hence,  the  service  vibration  input  to  the  payload  will  be  very 
much  less  than  the  specified  vibration  at  most  frequencies.  This  overtesting 
at  most  frequencies  is  usually  justified  as  a  necessary  conservatism  to  assure 
that  undertesting  does  not  occur  at  those  frequencies  where  the  service 
vibration  spectrum  has  a  peak  approaching  the  test  specif ication  envelope.  It 
is  further  argued  that  it  must  be  assumed  that  a  spectral  peak  in  the  service 
vibration  input  might  occur  at  any  frequency,  since  the  specification  covers 
many  different  payloads  and  payload  mounting  locations. 


It  is  true  in  applying  a  general  vibration  test  specification,  like  SD-CF- 
0206,  that  it  is  not  possible  to  predict  the  frequencies  where  spectral  peaks 
in  the  service  vibration  input  will  occur  for  all  payloads  and  payload 
mounting  points.  However,  it  is  possible  to  predict  the  frequencies  where 
spectral  peaks  in  the  service  vibration  input  will  not  occur.  Specifically, 
unless  the  mounting  has  an  infinite  apparent  weight,  there  will  be  a  spectral 
notch,  rather  than  a  peak,  in  the  service  vibration  input  spectrum  at  all 
frequencies  where  the  payload  has  a  significant  resonance.  This  simple  fact 
follows  directly  from  the  following  relationship  developed  in  Section  1,  where 
it  is  assumed  that  the  payload  and  mounting  structure  can  be  represented  by 
single  point  values. 

GAA<f>  /  GSS(f)  -  I1  +  (Wp(f)/Ws(f))|'2  (8) 


where 

GAA<f> 

Gss(f) 

Wp(f) 


autospectrum  of  service  vibration  input  with  payload  present 
autospectrum  of  service  vibration  input  without  payload  present 
driving  point  apparent  weight  of  payload  (looking  into  the 
payload  from  its  mounting  points.) 
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FIGURE  3.  VIBRATION  TEST  SPECIFICATION  COMPARED  TO  TYPICAL  ACTUAL 
INPUT  VIBRATION  SPECTRUM  FOR  PAYLOAD. 
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Wg(f)  -  source  apparent  weight  of  payload  mounting  structure  (looking 
into  the  mounting  structure  from  the  payload  mounting  points.) 


It  is  clear  from  Equation  8  that  the  spectrum  of  the  service  vibration  input 
to  the  payload,  G^(f)  ,  is  going  to  be  significantly  reduced  relative  to  the 
unloaded  service  vibration  level,  Ggg(f),  at  those  frequencies  where  the 
payload  driving  point  apparent  weight  W  (f) ,  becomes  large  relative  to  the 
mounting  structure  source  apparent  weight,  W  (f) .  The  frequencies  where  W  (f) 
becomes  large  are  the  resonance  frequencies  of  the  payload.  Furthermore,  the 
specified  vibration  test  spectrum  is  essentially  equivalent  to  an  envelope  of 
maximum  values  of  the  unloaded  source  vibration  spectrum,  Ggg(f)  ,  as  will  be 
demonstrated  in  Section  3.  It  follows  that  the  most  severe  overtesting  occurs 
at  those  frequencies  (payload  resonance  frequencies)  were  the  damage  potential 
to  the  payload  is  highest. 


The  above  points  are  well  known  to  all  experienced  vibration  test  engineers 
and  technicians.  In  fact,  most  such  engineers  and  technicians  probably  have 
witnessed  a  vibration  test  where  a  perfectly  acceptable  test  item  (or  a 
shaker)  was  destroyed  by  attempting  to  impose  a  specified  motion  input  at  a 
frequency  where  the  test  item  had  a  strong  (high  apparent  weight)  resonance. 
The  purpose  here  is  to  formulate  a  testing  procedure  that  will  suppress  this 
extreme  overtesting  at  resonances  of  test  items  consisting  of  Space  Shuttle 
orbiter  sidewall-mounted  payloads. 


2 . 3  Basic  Requirements 


2.3.1  Source  Apparent  Weight  Data 

All  the  candidate  procedures  selected  for  further  study  require  a  knowledge  of 
the  source  apparent  weight  of  the  payload  mounting  structure.  For  more 
general  applications,  this  would  restrict  the  usefulness  of  the  procedures 
since  source  apparent  weight  characteristics  vary  widely  for  all  possible 
mounting  structures  for  test  items,  and  source  apparent  weight  data  are 
difficult  to  acquire  for  all  test  items  of  interest.  However,  for  the 
application  of  interest  here  (Space  Shuttle  orbiter  sidewall -mounted 
payloads),  there  are  only  a  limited  number  of  mounting  points,  all  of  which 
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are  structurally  similar.  The  source  apparent  weight  is  determined  at  each 
mounting  point  and  the  weights  for  all  mounting  points  are  combined,  by  the 
procedures  described  in  Section  7.4,  to  estimate  an  equivalent  single  point 
apparent  weight.  It  is  therefore  feasible  to  determine  source  apparent 
weights  for  the  test  items  of  concern,  and  this  was  done  as  part  of  the  study, 
as  described  in  Section  5. 

2.3.2  Force  Measurements 

All  three  of  the  candidate  procedures  also  require,  at  some  point,  a 
measurement  of  the  interface  force  into  the  payload.  Since  procedures 
involving  force  transducers  were  ruled  out  in  the  preliminary  evaluation  of 
procedures,  the  approach  chosen  was  to  use  the  shaker  armature  current  as  a 
measure  of  force.  Specifically,  it  is  assumed  (and  later  verified)  that  the 
interface  force  delivered  to  a  payload  by  the  shaker  table  is  given  by 

F(f)  =  K(f)C(f)  -  (Wa  +  Wf)A(f)  (9) 


where 


F(f) 

C(f) 


A(f) 

K(f) 


interface  force  delivered  to  a  test  item  in  lb. 
armature  current  in  amps. 

weight  of  armature  and  shaker  table  in  lb  (assumed  to  be  rigid) 
weight  of  fixture  attached  to  shaker  table  in  lb  (assumed  to  be 
rigid) . 

acceleration  response  of  fixture  on  shaker  table  in  g's 
calibration  factor  in  lb/amp . 


As  indicated  earlier  in  Section  1,  F(f),  C(f)  and  A(f)  are  Fourier  transforms 
of  the  force,  current  and  acceleration,  respectively.  Note  that  all  terms  in 
Equation  9  are  complex  numbers  except  for  the  weights  of  the  armature  (Wa)  and 
the  fixture  (Wf) .  Further  note  that  Eq .  9  applies  only  at  frequencies  well 
below  the  first  resonance  frequency  of  the  shaker  armature  and  any  fixture. 
Final,  it  should  be  mentioned  that  Eq.  9  may  not  be  strictly  applicable  to 
some  of  the  larger  Unholtz-Dickie  shakers  where  the  translation  of  armature 
current  to  electromagnetic  force  is  not  linear. 
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With  no  payload  attached  to  the  shaker,  and  known  armature  and  fixture 
weights,  it  follows  from  Eq .  9  that 


C(f)  =  t(Wa  +  Wf)/K(f) ]A(f)  =  WTA(f)/K(f)  (10) 

where  W^.  denotes  the  total  weight  (in  lb)  of  the  moving  elements  of  the 
shaker,  armature  and  fixture.  Hence,  the  determination  of  K(f)  may  be 
accomplished  as  follows: 

1.  Firmly  bolt  a  relatively  heavy  but  rigid  fixture  (a  dead  weight)  to  the 
shaker  table  and  accurately  determine  its  weight,  W^,  as  well  as  the 
weight  of  the  armature  and  table,  W 

2.  Apply  random  excitation  to  the  shaker  table  and  simultaneously  measure 
the  acceleration  response,  a(t)  in  g,  of  the  fixture,  and  the  current, 
c(t)  in  amps,  applied  to  the  shaker  armature. 

3.  Compute  the  Fourier  transforms  of  a(t)  and  c(t)  to  obtain  A(f)  and  C(f) . 

4.  Compute  the  frequency  response  function  between  c(t)  and  a(t)  given  by 

H(f )  =  GCA(f)/Gcc(f)  (11) 

where 

GCA(f)  ”  2  E[C(f)  A*(f)]/T  -  cross  -  spectral  density  function 
between  c(t)  and  a(t). 

Gcc(f)  “  2  E[C(f)  C*(f)}/T  -  autospectral  density  function  of  c(t). 

5.  Calculate  the  calibration  factor  K(f)  from 

K(f)  -  (Wa  +  Wf)H(f)  -  WxH(f)  (12) 

6.  To  check  the  linearity  of  the  relationship  between  c(t)  and  a(t), 
compute  the  coherence  function  given  by 

72<f)  -  |GCA(f)l2/[Gcc(f)GAA(f)]  (13) 

where 

GAA(f)  “  2  E[A(f)  A*(f)]/T  -  autospectral  density  function  of  a(t) 
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and  all  other  terms  are  as  defined  in  Eq .  11.  The  coherence  function 
2 

should  be  7  (f)  >  0.99  at  all  frequencies. 

The  above  calibration  procedure  need  only  be  applied  once  to  a  given  shaker, 
but  each  different  shaker  to  be  used  for  vibration  testing  purposes  will  have 
to  be  separately  calibrated. 

2 . 4  Candidate  Procedures 

2.4.1  Motion  Correction  Procedure 

The  first  candidate  procedure  selected  for  experimental  study  is  a  direct 
application  of  Eq.  8.  The  information  required  to  implement  this  procedure  is 
as  follows: 

(a)  The  equivalent  single  point  apparent  weight  of  the  payload,  Wp(f),  as 
seen  by  a  shaker  with  rectilinear  motion. 

(b)  An  equivalent  single  point  apparent  weight,  Wg(f) ,  of  the  mounting 
structure  (in  this  case,  the  orbiter  sidewall),  associated  with  motion 
in  the  same  direction  as  for  (a)  above. 

The  test  procedure  would  be  as  follows: 

1.  Determine  the  net  driving  point  apparent  weight  of  the  payload,  by 
procedures  to  be  detailed  later. 

2.  Using  the  measured  net  driving  point  apparent  weight  of  the  payload  and 
the  source  apparent  weight  of  the  mounting  structure  given  in  Section  9, 
calculate  a  corrected  autospectrum  for  the  vibration  test  level,  G^(  f )  , 
from  Eq .  8,  where  Ggg(f)  is  taken  to  be  the  specified  autospectrum  in 
Figure  2;  i.e.,  GTT(f)  -  Gss(f). 

3.  Attach  the  payload  to  the  shaker  and  apply  a  broadband  random  excitation 
that  is  well  below  (by  at  least  20  dB)  the  specified  test  levels  in 
Figure  2. 
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4.  Identify  all  major  resonant  frequencies  of  the  payload  (this  can  be  done 
either  on  the  shaker  or  from  the  driving  point  apparent  weight  data 
determined  in  Step  1) . 

5.  At  each  frequency  of  a  major  payload  resonance,  allow  a  "notch"  in  the 
specified  test  levels  in  Figure  2  equal  to  the  ratio  Ggg ( f )/G.* ( f ) 
computed  in  Step  2. 

6.  Now  bring  the  shaker  vibration  levels  to  the  full  values  in  Figure  2, 
except  for  the  frequencies  of  major  payload  resonances  where  notches  are 
allowed  to  an  extent  no  greater  than  given  by  Eq .  8. 

The  above  motion  correction  procedure  is  simply  a  controlled  version  of  the 
usually  "notching"  procedure  that  is  commonly  allowed  in  both  sinusoidal  and 
random  vibration  test  specifications.  The  singular  advantage  of  the  procedure 
is  that  it  can  be  executed  using  present  vibration  test  system  equalizers 
based  only  upon  shaker  table  motion  measurements .  There  are  a  number  of 
disadvantages,  as  follows: 

1.  The  procedure  requires  an  additional  test  to  measure  the  driving  point 
impedance  of  the  payload. 

2.  A  personal  judgment  is  required  to  identify  those  payload  resonances 
that  should  be  considered  sufficiently  important  to  warrant  notching. 

3.  Since  the  notching  criteria  are  determined  at  a  level  below  the  final 
specified  test  level,  there  is  a  possibility  of  errors  if  the  payload 
resonant  response  is  significantly  nonlinear. 

Because  most  payloads  have  multiple  attachment  points,  measurements  of  the 
individual  mounting  point  apparent  weights  are  not  sufficient  to  determine 
accurately  the  effective  single-point  apparent  weight.  Procedures  described 
in  Section  7.4  show  that  it  is  necessary  to  measure  the  individual  and  cross 
impedances  (or  mobilities,  inertances,  apparent  weights)  in  order  to  estimate 
that  quantity.  Such  measurements,  and  the  ensuing  calculations,  require 
considerable  time,  instrumentation,  and  data  processing  capability.  There  is, 
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however,  an  effective  and  accurate  method  to  measure  the  single  point  apparent 
weight  or  inertance  of  the  payload  directly  when  mounted  on  a  shaker  table. 

For  both  theoretical  reasons  [Appendix  A,  2-10]  and  s ignal - to  -  noise  problems, 
it  is  actually  desirable  to  measure  the  reciprocal  of  apparent  weight,  called 
inertance,  1(f),  defined  as 

1(f)  =  GFA(f)/GFF  (14) 

where 

GpA(f)  ~  cross  -  spectrum  between  interface  force  and  shaker  table 
acceleration . 

GFF(f)  -  autospectrum  of  shaker  table  interface  force. 

From  Eq.  9, 

GFA(f)  -  2E[F(f)A*(f)]/T  =  2E[ [ (K(f )C(f )  -  WJA(f ) ]A*(f ) )/T 

-  K(f)GCA(f)  -  WT  Gaa( f)  (15) 

and 

GFF(f)  -  2E[F(f)F*(f)]/T  =  2E[ [K(f)C(f )  -  WJA(f ) ] [K*(f )C*(f )  -  WTA*(f)]]/T 
-  |K(f)|2Gcc(f)  +  WT2  GAA(f)  -  2  WT  Re[K(f)GCA(f)]  (16) 

The  inertance  of  the  payload  can  be  measured  by  the  following  procedure: 

1.  Attach  the  payload  to  the  shaker  and  apply  broadband  random  excitation 
at  a  level  at  least  20  dB  below  the  test  specification. 

2.  Compute  the  cross  -  spectrum  between  the  shaker  armature  current  and  the 
table  vibration,  G^A(f) 

3.  Compute  the  autospectra  for  the  shaker  armature  current  and  table 
acceleration,  G^^(f)  and  GAA(f). 

4.  Finally,  compute  the  payload  inertance  function,  1(f),  using  Eqs .  14 
through  16. 


The  choice  of  shaker  table  vibration  levels  for  the  payload  inertance 
measurements  is  based  on  a  careful  and  considered  balance  of  several  factors. 
The  level  must  be  high  enough  to  ensure  that  there  is  an  adequate  signal-to- 
noise  ratio  in  all  sensors,  yet  not  too  high  so  as  to  cause  excessive 
vibration  and  potential  damage  to  sensitive  component  elements  at  payload 
resonances  during  the  preliminary  testing.  It  is  believed  that  a  level 
approximately  20  dB  below  the  vibration  test  specification  will  satisfy  these 
requirements.  As  stated  earlier,  this  phase  of  the  work  is  conducted  under 
the  overall  assumption  that  the  system  is  linear,  and  that  resonant 
frequencies  and  frequency  response  functions  will  not  change  with  level. 

2.4.2  Blocked- Force-Limit  Procedure 

This  approach  is  based  upon  limiting  the  specified  shaker  vibration  test 
levels  such  that  the  interface  force,  as  monitored  using  the  shaker  current, 
is  never  allov:eu  uo  exceed  the  so-called  "blocked  force".  The  blocked  force 
is  that  for^e  .vhich  would  make  the  source  vibration  response  of  the  unloaded 
mounting  structure  go  to  zero;  i.e.,  the  interface  force  between  the  payload 
and  the  mounting  structure  if  the  payload  had  infinite  apparent  weight  (zero 
inertance) . 

The  blocked  force  evolves  analytically  as  follows.  The  interface  force 
between  the  payload  and  its  mounting  structure  is  related  to  the  interface 
acceleration,  A(f) ,  by 

F(f)  -  Wp(f)  A  (f)  (17) 

where  Wp(f)  is  the  driving  point  apoarent  weight  of  the  payload.  Solving  for 
W  (f)  in  Eq.  17  and  substituting  into  Eq .  7  yields 

F ( f )  -  FB(f)  -  FR(f )  (18) 


where 

Fg(f)  -  Wg(f)As(f)  -  blocked  force 
FR(f)  -  Wg(f)A(f)  -  reaction  force 
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Given  a  vibration  test  specif ication  calling  for  an  input  vibration 
autospectrum  of  Gjj(f),  the  autospectrum  of  the  blocked  force  for  all 
components  covered  by  that  test  specification  can  be  estimated  conservatively 
by 

GBB<f)  =  |Wse(f)|2GTT(f)  (19) 

where  |Wse(f)|2  is  the  squared  magnitude  of  a  conservative  envelope  of  the 
apparent  weight  of  the  various  attachment  points  on  the  mounting  structure. 


It  is  important  to  understand  that  the  blocked  force  is  not  a  theoretical 
limit  on  the  interface  force  that  might  occur  in  the  service  environment  at 
all  frequencies.  Specifically,  from  Eq .  18, 


|F(f)|  -  |Ws(f)[As(f)  -  A(f ) ] | 


(20) 


meaning  | F( f ) j  >  |Ffi(f)|  at  those  frequencies  where  A(f)  >  2Ag(f) .  This  may 
happen  at  the  lower  frequencies,  below  the  first  normal  modes  of  both  the 
mounting  structure  and  the  payload,  where  the  mounting  structure  appears 
essentially  as  a  spring  and  the  payload  appears  essentially  as  a  mass.  The 
apparent  weight  for  a  spring  has  a  phase  angle  near  -180  degrees,  while  the 
apparent  weight  for  a  mass  has  a  phase  angle  near  0  degrees.  From  Eq .  7, 


A(f)  Ws(f) 

■  i  u  • 

As(f)  Ws(f)  +  Wp(f) 


(21) 


Hence,  if  Wp(f)  =  -Ws(f),  A(f)  >  Ag(f).  In  fact,  the  only  reason  A(f)  -*  (  is 
that  Wg(f)  +  Wp(f)  in  the  denominator  of  Eq.  21  will  have  a  small  imaginary 
component  due  to  damping;  i.e.,  the  phase  for  Wg(f)  will  always  be  a  little 
greater  than  -180  degrees,  and  the  phase  for  Wp(f)  will  always  be  a  little 
less  than  0  degrees. 


In  practice,  the  above  problem  cannot  occur  at  the  frequency  of  a  payload 
resonance,  because  the  payload  apparent  weight  will  always  have  a  phase  near 
-90  degrees  and  hence,  can  never  be  out  of  phase  with  the  mounting  structure, 


whose  apparent  weight  phase  is  bounded  by  0  and  -180  degrees.  The  same  will 
be  true  at  the  higher  frequencies  where  the  mounting  structure  becomes  damping 
controlled  with  an  apparent  weight  phase  of  -90  degrees. 

It  follows  that  the  blocked  force  should  always  constitute  a  limit  on  the 
actual  input  force  to  the  payload  in  its  service  environment  at  those 
frequencies  of  greatest  concern,  namely,  the  resonance  frequencies  of  the 
payload.  At  frequencies  below  the  first  normal  modes  of  both  the  mounting 
structure  and  the  payload,  the  possibility  of  an  under-test  using  the  blocked 
force  as  a  limit  on  the  shaker  input  force  should  be  fully  negated  by  the 
enveloping  procedure  used  to  generate  the  vibration  test  specification  (to  be 
discussed  further  in  Section  3) . 

To  perform  a  blocked  force  limit  test,  it  is  necessary  to  determine  the 
interface  force  on  the  payload  applied  by  the  shaker  at  the  specified  test 
level  GTT(f).  From  Eq.  10, 

F(f)  -  K(f)C(f)  -  WT  A(f)  (22) 

The  autospectrum  of  the  interface  force  is  then  given  by  Eq .  16  as 

CFF(f)  -  |K(f)|2Gcc(f)  +  WT2  G^(f)  -  2  WT  Re[K(f)GCA(f)J  (23) 

A  block- force - limit  vibration  test  would  be  performed  by  calculating  the  force 
spectrum  in  Eq .  23,  and  reducing  the  shaker  current  as  required  to  make  Gpp(f) 
-  Ggg(f)  at  all  frequencies  where  Gpp(f)  >  GfiB(f).  The  limiting  of  the  test 
levels  will  occur  primarily  at  the  frequencies  of  major  payload  resonances. 
However,  a  very  heavy  payload  may  lead  to  a  limiting  of  the  test  levels  at 
other  frequencies  as  well. 

To  clarify  this  matter  further,  it  follows  from  Eqs.  17  and  18  that  the 
blocked  force  limit  requires  that 

GFF<f>  -  IVf>i2GAA<f>  <  “  lWse(f>!2GTT(f>  (24) 
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Hence,  the  blocked  force  limit  on  the  shaker  table  motion  is  given  by 


GAA<f) 


lWse(f>l2 

IVf)!2 


JTT 


(f) 


(25) 


This  result  says  that  the  blocked  force  will  be  exceeded  before  the  shaker 
table  motion  reaches  the  specified  test  level,  Gjj(f),  at  all  frequencies 
where  the  driving  point  apparent  weight  of  the  payload  exceeds  the  source 
apparent  weight  of  the  mounting  structure.  Hence,  if  the  apparent  weight  of 
the  payload  is  known,  Eq .  25  could  be  used  to  determine  the  final  test  levels. 
However,  by  using  the  force  restriction  in  Eq .  23,  a  measurement  of  the 
driving  point  apparent  weight  of  the  payload  is  not  required;  it  is  implicit 
in  Eq.  23. 


A  procedure  for  a  blocked  force  limit  test  is  as  follows: 


1.  Set  up  the  shaker  control  system  to  monitor  the  armature  current  as  well 
as  the  table  acceleration. 

2.  Attach  the  payload  to  the  shaker,  and  apply  a  broadband  random 
excitation  wTiich  is  well  below  (by  at  least  20  dB)  the  specified  test 
levels  in  Figure  2. 


3.  Compute  the  autospectrum  of  the  shaker  armature  current,  G(-.(-.(f)  ,  the 
autospectrum  of  the  shaker  table  acceleration,  ^^(f),  and  the  cross¬ 
spectrum  of  the  armature  current  and  table  acceleration,  Gq^( f) . 

4.  Compute  the  autospectrum  of  the  shaker  interface  force,  Gpp(f),  using 
Eq .  23,  and  compare  to  the  autospectrum  of  the  blocked  force,  Ggg(f), 
given  by  Eq .  19 . 

5.  At  all  frequencies  where  Gpp(f)  >  Ggg(f),  reduce  the  shaker  current  as 
required  to  make  Gpp(f)  -  Ggg(f). 


6.  Repeat  the  above  steps  in  an  iterative  manner  as  the  shaker  vibration 

level  is  increased  until  the  shaker  vibration  levels  at  all  frequencies 
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The 


are  G^(f)  -  Gj^(f)  or  such  chat  Gpp(f)  -  Cgg(f)  •  whichever  occurs 
first . 

advantages  of  the  blocked  force  limit  procedure  are: 

1.  The  procedure  requires  no  knowledge  of  the  driving  point  apparent  weight 
of  the  payload  (this  information  is  inherent  in  the  calculations). 

2.  The  procedure  is  not  vulnerable  to  errors  due  to  nonlinear  resonant 
responses  of  the  payload  since  it  is  an  iterative  procedure  which 
applies  control  up  to  the  final  test  level. 

3.  The  procedure  will  automatically  make  a  mass  load  correction  for  heavy 
payloads,  as  well  as  provide  accurate  notching  at  the  frequencies  of 
major  payload  resonances. 

The  major  disadvantages  of  the  blocked  force  limit  procedure  are: 

1.  The  procedure  will  require  a  modification  of  present  vibration  shaker 
equalizer  systems  to  include  the  monitoring  and  control  of  armature 
current,  as  well  as  table  acceleration ,  and  on-line  computing 
capability . 

2.  There  may  be  difficulties  implementing  the  procedure  on  shakers  that  do 
not  nave  a  linear  relationship  between  armature  current  and  table 
motion,  such  as  certain  large  Unholtz-Dickie  shakers. 

2.U.  3  Apparent  Weight  Simulation  Procedures 

This  approach,  which  was  originally  proposed  by  Ratz  (Appendix  A,  [5-2]), 

controls  the  shaker  table  motion  to  reproduce  the  input  motion  to  the  payload 

that  would  occur  in  service,  assuming  the  specified  test  level  spectrum, 

Gjj(f),  were  the  unloaded  vibration  response  of  the  mounting  structure. 

Specifically,  from  Eqs .  18  and  22,  it  follows  that 

Ws(f)As(f)  -  K(f)C(f)  +  [Ws(f)  -  WT]A(f)  (26) 
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In  terms  of  spectral  density  functions 


GSS<f>c  “  [|K(f)|2Gcc(f)  +  |W0(f)|2G^(f)  + 

2Re[K(f)WQ*(f)GCA(f)]]  / | Wg ( f ) | 2  (27) 

where 

W0(f)  -  ws(f)  -  WT 

and  Gss(f)c  is  a  computed  autospectrum  of  the  unloaded  mounting  point 

vibration  that  would  correspond  to  a  loaded  mounting  point  vibration  spectrum, 

GAA<f>- 

A  procedure  for  an  apparent  weight  simulation  test  is  as  follows: 

1.  Set  up  the  shaker  control  system  to  monitor  the  armature  current  as  well 
as  the  table  acceleration. 

2.  Attach  the  payload  to  the  shaker,  and  apply  broadband  random  excitation 
which  is  well  below  (by  at  least  20  dB)  the  specified  test  levels  in 
Figure  2. 

3.  Compute  the  autospectrum  of  the  shaker  current,  G^^f),  the  autospectrum 
of  the  shaker  table  acceleration,  ^^(f),  and  the  cross-spectrum  of  the 
armature  current  and  table  acceleration  G^(f). 

U.  Compute  the  autospectrum  of  the  pseudo-mounting  structure  acceleration, 
GSs(f)c>  using  Eq .  27,  and  compare  to  specified  vibration  test  spectrum, 
Gjj(f)  in  Figure  2. 

5.  Slowly  increase  the  shaker  test  level  to  obtain,  at  all  frequencies,  a 
computed  Gg<;(f)c  “  Gjj(f),  the  specified  test  level,  except  for  the 
restriction  that  GAA(f)  <  G^-j(f). 
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The  advantages  of  the  apparent  weight  simulation  procedure  are  as  follows: 

1.  Assuming  G-pj(f)  represents  an  accurate  measure  of  the  unloaded  mounting 
point  vibration  in  service,  the  procedure  provides  an  accurate 
simulation  of  the  service  input  vibration  to  the  payload. 

2.  The  procedure  requires  no  knowledge  of  the  driving  point  apparent  weight 
of  the  payload;  as  for  the  blocked  force  limit  procedure,  this 
information  is  inherent  in  the  calculations. 

3.  The  procedure  is  not  vulnerable  to  errors  due  to  nonlinear  resonant 
responses  of  the  payload,  since  it  is  an  interactive  procedure  which 
continuously  corrects  the  levels  up  to  the  final  test  level. 

U.  The  procedure  will  automatically  make  a  mass  load  correction  for  heavy 
payloads,  as  well  as  provide  accurate  notching  at  the  frequencies  of 
payload  resonances. 

The  major  disadvantages  of  the  blocked  force  limit  procedure  are  as  follows. 

1.  The  procedure  will  require  a  real  time  computer  in  the  shaker  equalizer 
system  to  compute  the  desired  test  level  signal  for  equalization. 

2.  The  procedure  may  be  difficult  to  implement  on  certain  large  Unholtz- 
Dickie  shakers,  which  do  not  have  a  linear  relationship  between  armature 
current  and  table  motion. 

3.  The  procedure  has  no  inherent  conservatism,  except  for  conservative 
values  of  Gjj(f)  and  Ws(f). 
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3.  PARAMETRIC  STUDY 


3 . 1  Purpose  of  Study 

The  parametric  study  had  the  objective  of  providing  insight  into  the  roles 
played  by  different  parameters  in  determining  the  response  of  the  mounting 
point  and  payload  when  the  payload  is  attached  to  the  structure.  In  addition, 
the  influence  of  various  representations  of  parameters,  such  as  mounting  point 
impedance  and  unloaded  vibration  spectra,  on  the  computed  response  of  the 
loaded  structure  and  payload,  was  investigated.  In  practice,  these 
representations  could  result  from  empirical  modelling  of  the  functions,  based 
on  test  or  launch  data,  when  detailed  phase  information  is  lost  or  when 
averaged  values  are  obtained  for  a  number  of  mounting  points.  The  results  of 
the  parametric  study  are  presented  in  this  section. 

3 . 2  Description  of  Model  Structure 

The  model  structure  used  for  the  parametric  study  consists  of  a  flat  (6  ft  x  4 
ft)  panel  with  four  stiffeners,  two  parallel  to  each  axis  of  the  panel.  The 
stiffeners  provide  a  region  in  the  middle  of  the  panel  that  should  be 
reasonably  free  from  the  influences  of  the  panel  edge  conditions.  Simple 
payloads  can  then  be  attached  to  the  panel  in  this  middle  region.  The 
payloads  of  interest  are  single-degree-of-freedom  systems,  each  of  which 
consists  of  a  mass,  spring  and  damper.  The  payload  is  attached  to  four 
mounting  points  on  the  panel  by  means  of  a  rigid  link,  as  shown  in  Figure  4. 
The  four  mounting  points  on  the  structure,  1(a)  through  1(d),  are  shown  in 
Figure  5.  The  general  characteristics  of  interest  are  well  represented  by 
this  model,  without  the  difficulties  in  interpretation  that  would  be 
introduced  by  a  multi  -  degree -of  -  freedom  model. 

The  panel  was  modeled  on  the  computer  using  MSC  NASTRAN  finite  element  codes; 
one  quarter  of  the  panel  is  shown  in  Figure  6.  A  typical  stiffener  considered 
in  the  analysis  is  shown  in  Figure  7.  Calculations  were  performed  to  get 
estimated  values  of  the  natural  frequencies.  Typical  results  are  given  in 
Table  2  for  symmetric  -  symmetric  modes,  with  panel  edge  conditions  assumed  to 
be  either  simply-supported  or  fixed  (built-in);  an  example  of  computed  mode 
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FIGURE  5.  LOCATION  OF  PAYLOAD  ATTACHMENT  POINTS  ON 
STRUCTURE  . 
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stiffener 


6.  FIMITE  ELEMENT  MODEL  OF  SIM 
STRUCTURE  . 
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FIGURE  7.  STIFFENER  PROPERTIES 


Table  2.  Summary  of  Symmetric  -  Symmetric  Normal  Modes 


Mode 

(  Natural  Frequencies  (Hz) 

No . 

|  Simple  Supports'll 

Built- in* 

1 

1 . . . 1 

1  1 

1  39.7  | 

73 

2 

1  70.7  | 

92 

3 

1  77.0  | 

93 

4 

1  87.5  | 

96 

5 

1  111.1  I 

134 

6 

|  124.2  | 

150 

7 

|  139.6  | 

160 

8 

|  183.8  | 

228 

9 

|  199.8  | 

236 

10 

i  211.0  | 

244 

*  Boundary  Conditions 

Simple  supports:  y-0,  dy/dx^O,  M=0 
Built-in  or  fixed:  y=0 ,  dy/dx^O,  M*0 

where  y«=displacement 
dy/dx  -  slope 
M  -  moment 
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shapes  associated  with  the  s imply  -  supported  boundary  conditions  is  given  in 
Figure  8 . 

The  parameters  to  be  varied  in  the  parametric  studies  are  the  mass,  stiffness 
and  damping  of  the  payload.  However,  it  is  more  convenient  to  use  payload 
resonance  frequency  as  a  parameter  instead  of  stiffness.  Then,  the  resonance 
frequency  can  be  chosen  to  lie  below,  at,  or  above  the  fundamental  frequency 
of  the  supporting  panel.  The  corresponding  stiffness  of  the  payload  can  be 
calculated  from  the  mass  and  frequency.  The  values  selected  for  the 
parameters  in  the  parametric  study  are: 

Payload  weight  W:  25,  50,  100,  200,  400  lb 

Payload  resonance  frequency  f  :  20,  40,  80,  160,  10,000  Hz 

Payload  loss  factor:  0.004,  0.01,  0.025,  0.0625,  0.1563 

With  one  exception,  the  values  were  selected  to  be  in  constant  ratios  of  2  or 
2.5.  The  exception  is  the  highest  resonance  frequency  of  10,000  Hz  which  was 
selected  to  represent  the  upper-bound  condition  given  by  a  mass  attached 
directly  to  the  supporting  structure  without  any  intervening  spring. 

3 . 3  Response  Equations 

The  parametric  studies  on  the  1-dof  system  were  to  be  performed  mainly  with 
the  use  of  closed  form  equations.  However,  finite  element  modelling  was  used 
to  calculate  the  response  power  spectral  density,  at  the  payload  mounting 
point  on  the  unloaded  panel,  due  to  reverberant  excitation  and  the  (complex) 
point  impedance  of  the  structure  at  the  mounting  point.  The  impedance  is  the 
complex  ratio  of  force  to  velocity  at  the  point  of  interest. 

For  purposes  of  the  finite  element  analysis,  calculations  of  panel  response 
were  restricted  to  symmetrical  modes  so  that  the  motion  of  the  panel  would  be 
in-phase  at  all  four  mounting  points  for  the  payload.  The  size  of  the  finite 
element  model  was  minimized  by  modelling  only  one  quarter  of  the  structure  (as 
shown  in  Figure  6)  and  using  conditions  of  symmetry  along  the  panel  axes.  The 
edges  of  the  panel  were  assumed  to  be  simply- supported . 
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FIGURE  8. 


EXAMPLE  MODE  SHAPES  FOR  SIMPLE  STRUCTURE  WITH 
SIMPLY-SUPPORTED  BOUNDARIES. 
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The  two  responses  of  interest  in  the  present  study  are  the  motion  of  the 
structure/payload  interface  and  the  motion  of  the  payload  mass.  The  motion  of 
the  interface  and  impedance  Zg(f)  of  the  structure  at  the  mounting  points  were 
computed  for  the  unloaded  condition  using  finite  element  analysis  methods. 

The  impedance  Zg(f)  is  defined  by 

Zs(f)  =  Fs(f)/Vs(f)  (28) 

where  Fg(f)  and  Vs(f)  are  the  Fourier  transforms  of  the  applied  force  and 
resultant  response  velocity,  respectively,  at  the  payload  mounting  point.  If 
the  four  mounting  points  are  symmetric  with  respect  to  the  panel,  and  those 
points  move  in  phase  with  the  same  amplitude  (only  symmetric  modes  of  the 
panel  are  in  motion) ,  then  the  panel  motion  can  be  completely  described  by  the 
velocity,  vg(t) ,  at  a  single  mounting  point  and  only  a  single  mounting  point 
impedance  must  be  computed.  The  impedance  (mobility,  inertance,  apparent 
weight)  at  each  mounting  point  is  calculated  using  only  the  symmetric  modes  of 
vibration.  This  value  is  not  that  which  would  be  experimentally  measured  with 
a  force/velocity  instrument,  for  that  device  would  excite  and  measure  response 
of  all  modes.  In  a  like  manner,  an  idealized,  symmetric  payload  having  an 
equivalent  single  point  payload  impedance  (mobility,  inertance,  apparent 
weight)  is  defined.  When  this  payload  is  mounted  on  the  above  described 
panel,  it  moves  in  a  rectilinear  manner  (no  rotational  motion).  Then  the 
motion  of  the  interface,  when  loaded  by  a  particular  payload,  can  be 
calculated  using  the  equation 

GXX(f)  "  Gyy<f>/  I1  +  [Zp(f )/Zs(f ) ] | 2  (29) 

where  Gyy(f)  is  the  autospectrum  of  the  motion  of  the  interface  when  the 
structure  is  unloaded  (i.e.  there  is  no  payload)  and  Gxx(f)  is  the  motion  of 
the  interface  when  loaded  by  the  payload.  Motion  can  be  expressed  in  terms  of 
displacement,  velocity  or  acceleration  and  Eq .  (29)  is  applicable  in  all  cases 
since  the  denominator  on  the  right-hand  side  of  the  equation  is  non- 
dimensional.  In  practice,  acceleration  is  most  commonly  used  since  it  can  be 
easily  measured.  However,  in  the  present  parametric  study,  displacement  is 
sometimes  used  as  an  alternative.  Zp(f),  the  impedance  of  the  payload,  is 
given  in  closed  form  by  [9] 
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(30) 


Zp(f)  -  um[wmc  +  j[c2  -  (km  -  k2/a>2)  ]  ]/[c2  +  (u>m  -  k/w)2] 

Once  Gxx(f)  has  been  calculated,  the  corresponding  response,  G  (f),  of  the 
payload  can  be  calculated  from 

Gpp(f)  =  |H(f)|2Gxx(f)  (31) 

where  Gxx(f)  is  given  by  Eq .  (29)  and,  assuming  hysteretic  damping,  the 
frequency  response  function,  H(f) ,  of  the  system  to  an  acceleration  input  from 
the  structure,  is  given  by 

H(f)  -  [1  +  j,]/[l  -  (f/fn)2  +  Jr?]  (32) 


The  symbols  used  in  Eqs .  29  through  32  are  defined  as: 

fn  -  undamped  natural  frequency 
rj  =  loss  factor  -  2  x  damping  ratio 
k  =  spring  constant 
m  -  mass 

c  ~  damping  coefficient 

J  -  [-1)1/2 


It  was  decided  that  hysteretic  damping  was  more  representative  of  typical 
payload  damping  than  was  viscous  damping.  The  corresponding  form  of  Eq .  32 
for  viscous  damping  would  be 

H(f )  -  [1  +  j2ff/fn]/[l  -  (f/fn)2  +  j2ff/fn]  (33) 

where  f  is  the  viscous  damping  ratio. 

The  preceding  analysis  is  applicable  only  for  the  symmetric  case  where  it  is 
assumed  that  the  four  mounting  points  on  the  panel  move  in  phase  with  perfect 
coherence,  as  would  occur  with  unison  excitation.  This  also  means  that  only 
symmetric  -  symmetric  response  modes  of  the  panel  need  be  considered.  Under 
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these  conditions,  the  four  mounting  points  will  have  the  same  point  impedance 
and  response  spectra  (unloaded  and  loaded). 

3 . 4  Typical  Response  Spectra 

Typical  displacement  response  spectra  calculated  by  the  finite  element 
analysis  and  by  means  of  Eqs .  28  through  31  are  given  in  Figures  9  through  12. 
For  these  particular  examples,  the  payload  weight  was  taken  as  100  lb  and  the 
payload  resonance  frequency  as  20  Hz.  Since  the  predicted  fundamental 
frequency  of  the  unloaded  structure  is  39.7  Hz,  the  selected  payload  resonance 
frequency  is  approximately  50%  of  the  structure  fundamental  frequency.  Figure 
10  shows  predicted  displacement  spectra  for  the  loaded  structure  at  the 
payload  mounting  point  for  three  different  assumed  values  of  the  payload 
damping  loss  factor,  0.004,  0.025  and  0.156.  The  main  characteristics  of  the 
spectra  are  the  two  strong  response  peaks  at  frequencies  of  12.9  Hz  and  57.1 
Hz,  and  the  spectral  trough  at  20  Hz.  In  this  low  frequency  range  the  system 
can  be  viewed  as  a  combination  of  two  1-dof  systems.  The  resonance 
frequencies  of  the  combined  system  will  lie  below  and  above  the  two 
frequencies  associated  with  the  two  constituent  1-dof  systems.  Furthermore, 
since  the  payload  acts  as  a  tuned  vibration  absorbed,  there  is  a  notch  in  the 
response  spectra  at  20  Hz,  the  tuned  frequency  of  the  payload  spring  and  mass. 
There  is  no  evidence  in  the  response  spectra  of  the  fundamental  frequency 
(39.7  Hz)  of  the  unloaded  structure. 

The  corresponding  response  spectra  for  the  payload  are  shown  in  Figure  11.  At 
low  frequencies,  the  vibration  of  the  payload  is  dominated  by  the  response  at 
the  two  resonance  frequencies  of  the  coupled  system.  There  is  no  indication 
of  either  of  the  resonance  frequencies  associated  with  the  two  individual 
uncoupled  systems. 

The  spectra  of  perhaps  greatest  interest  to  the  present  program  are  those  of 
the  type  shown  in  Figure  12.  This  spectrum  represents  the  ratio  of  the 
response  of  the  loaded  panel  to  the  response  of  the  unloaded  panel.  A  value 
of  unity  for  this  ratio  would  indicate  that  the  vibration  test  level  should  be 
that  of  the  unloaded  structure.  A  value  less  than  unity  indicates  the 
potential  for  over-test  if  the  shaker  response  is  controlled  to  a  value  equal 
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to  the  response  level  of  the  unloaded  structure,  and  a  ratio  greater  than 
unity  indicates  a  potential  for  under- test  if  the  unloaded  response  is  used  as 
the  test  criterion.  Figure  12  shows  two  response  peaks,  with  values  greater 
than  unity,  at  the  resonance  frequencies  of  the  combined  system,  and  two 
troughs,  with  values  considerably  less  than  unity,  at  the  individual 
frequencies  of  the  payload  and  structure.  There  are  some  relatively  minor 
peaks  and  troughs  associated  with  structural  response  in  higher  order  modes, 
but  these  are  not  considered  in  the  present  discussion. 

Figure  13(a)  contains  spectra  for  the  ratio  of  loaded  and  unloaded  responses 
for  the  case  where  the  resonance  frequency  of  the  payload  is  essentially  the 
same  as  the  fundamental  frequency  of  the  unloaded  structure.  In  this  closely 
matched  system,  there  is  a  single  trough  at  low  frequencies  and  it  is  very 
deep,  with  typical  values  of  10  to  10  for  the  ratio  of  spectral  densities, 
depending  on  the  damping  of  the  payload. 


Response  ratio  spectra  for  the  case  whe 
twice  the  fundamental  frequency  of  the 
13(b).  Now  there  is  a  very  strong  peak 
fundamental  frequency  of  the  structure 
frequencies.  The  high  frequency  peaks 
relatively  minor,  at  least  for  this  par 


re  the  payload  resonance  frequency  is 
unloaded  structure  are  shown  in  Figure 
at  low  frequencies,  a  trough  at  the 
and  other  significant  troughs  at  higher 
in  the  response  ratio  spectra  are 
ticular  example. 


3 . 5  Parametric  Variations 


The  influence  of  payload  damping,  mass  and  resonance  frequency  were 
investigated  using  the  analysis  methods  discussed  in  Section  3.3.  The  results 
of  this  parametric  study  are  presented  in  this  section.  Results  are  presented 
in  terms  of  the  ratio  of  response  autospectra,  Gx..(f)/G  (f) ,  which  can  be 

interpreted  as  a  ratio  of  acceleration  autospectra,  G^(  f  )/Ggg  ( f )  ,  or  as  a 
ratio  of  displacement  autospectra  or  velocity  autospectra. 

3.5.1  Payload  Damping 

Figures  9  through  13  show  the  effect  of  payload  damping  on  the  response  of  the 
combined  system.  Inspection  of  the  spectra  shows  that  payload  damping  has  a 
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significanC  effect  at  some  frequencies  but  a  negligible  effect  at  others.  For 
example,  the  damping  has  a  strong  effect  in  determining  the  depth  of  the 
trough  in  the  response  ratio  spectra  at  the  frequency  of  the  payload 
resonance,  as  might  be  expected,  but  has  no  effect  on  the  depth  of  the  trough 
at  the  fundamental  frequency  of  the  structure,  except  when  it  is  coincident 
with  the  payload  frequency  (Figure  13(a)).  Damping  appears  to  have  weak 
effect  on  the  response  ratio  at  the  first  (lowest  frequency)  peak  and  to  have 
a  somewhat  greater  effect  at  the  second  peak. 

3.5.2  Payload  Mass 

The  influence  of  payload  mass  on  the  response  ratio  spectra  can  be  seen  in 
Figures  14(a)  through  (e)  which  refer  to  the  five  payload  resonance 
frequencies  and  a  payload  damping  loss  factor  of  0.025.  Each  figure  contains 
five  spectra  associated  with  the  five  selected  values  of  payload  weight. 

The  immediate  observation  from  an  inspection  of  the  spectra  is  that,  for  a 
given  payload  frequency,  the  payload  weight  or  mass  has  little  or  no  effect  on 
the  frequency  of  any  of  the  spectral  troughs.  Also,  at  the  higher  values  of 
the  payload  frequency  (i.e.  higher  payload  stiffness)  the  payload  mass  has 
little  effect  on  the  frequencies  of  most  of  the  response  peaks.  Payload  mass 
always  affects  the  frequency  of  the  lowest  order  peak  and,  for  the  lower 
payload  stiffnesses,  it  affects  the  frequencies  of  the  higher  order  peaks. 
However,  the  effect  is  not  always  in  the  same  direction.  Thus,  an  increase  in 
payload  mass  decreases  the  frequency  of  the  lowest  order  peak  but  it  increases 
the  frequency  of  the  second  order  peak. 

Payload  mass  also  influences  the  magnitude  of  the  response  ratio.  The  depth 
of  the  response  troughs  appears  to  increase  with  payload  mass  and,  at  low 
frequencies,  the  height  of  the  response  peaks  appears  to  increase  with  mass. 
However,  at  higher  frequencies,  there  is  no  specific  trend  of  response  peak 
amplitude  with  payload  mass. 
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FIGURE  14.  RATIO  OF  LOADED  TO  UNLOADED  RESPONSE  OF  STRUCTURE 
AT  MOUNTING  POINT  FOR  DIFFERENT  PAYLOAD  WEIGHTS 
AND  RESONANCE  FREQUENCIES. 
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FIGURE  14.  CONTINUED 


3.5.3  Payload  Frequency 


Plots  of  the  response  ratio  as  a  function  of  payload  frequency  are  more 
difficult  to  interpret  than  for  damping  and  mass.  Typical  examples  are  shown 
in  Figure  15.  In  this  case  the  payload  weight  is  100  lb  and  the  damping  loss 
factor  is  0.025.  The  data  in  Figure  15(a)  refer  to  payload  frequencies  of  20, 
40  and  80  Hz,  and  in  Figure  15(b)  to  frequencies  of  80,  160  and  10,000  Hz.  In 
the  latter  case  the  family  of  curves  is  fairly  well  defined  but  in  Figure 
15(a),  where  one  of  the  payload  frequencies  is  below  the  fundamental  frequency 
of  the  structure,  the  plots  are  more  complicated.  No  general  trend  is 
immediately  evident. 

3 . 6  Modifications  to  Response  Equations 

3.6.1  General  Approach 

The  response  spectra  discussed  in  the  preceding  sections  were  computed  at  1  Hz 
intervals.  This  implies  that,  in  practice,  the  response  and  impedance  spectra 
for  supporting  panel  and  payload  are  known  in  detail.  This  will  not  be  true 
for  the  Space  Shuttle  because  (a)  the  vibration  spectra  for  the  mounting 
points  could  be  given  as  an  envelope  for  various  locations  on  the  sidewall  and 
different  loadings  of  the  sidewall  by  payloads  other  than  the  one  of  interest, 
and  (b)  typical  values  (e.g.  average  or  envelope)  will  have  to  be  used  for  the 
mounting  point  impedance  since  the  precise  location  of  the  payload  in  the 
payload  bay  will  not  be  known  at  the  time  of  the  vibration  test. 

Consequently,  various  representations  have  been  assumed  for  parameters 
contained  in  the  response  functions  defined  by  Eqs .  29  through  32,  to 
determine  the  influence  of  the  assumptions  on  the  computed  response.  The 
premise  is  that,  in  practice,  response  and  impedance  functions  are  measured 
and  averaged  in  some  manner,  to  provide  approximations  to  Eq .  29. 

The  representations  essentially  involve  averaging  in  the  frequency  domain  and 
can  be  summarized  as  follows: 

(a)  Use  of  <|Z  |>  and  <|Z  |>  in  place  of  Z  and  Z  respectively,  in  Eq .  29, 
P  b  P  s 

where  <  >  denotes  an  average  over  a  given  frequency  band. 
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FIGURE  15.  RATIO  OF  LOADED  TO  UNLOADED  RESPONSE  OF  STRUCTURE 
FOR  VARIOUS  PAYLOAD  RESONANCE  FREQUENCIES. 
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(b)  Use  of  <Zp>  and  <Zg>  in  place  of  Zp  and  Zg ,  respectively,  in  Eq .  29. 

(c)  Use  of  <Zg>  in  place  of  Zs  in  Eq .  29. 

(d)  Use  of  <Zs>m  in  place  of  Zg  in  Eq .  29,  where  <  >m  denotes  a  moving 

average  in  the  frequency  domain. 

(e)  Use  of  Z  and  Z  in  place  of  Z  and  Z_ ,  respectively,  in  Eq .  29,  where 

“P  “  p  s 

Z  and  Z  denote  envelopes  of  Z  and  Z_ ,  respectively. 

“  P  “  s  p  s 

Before  considering  the  effects  of  four  of  these  representations  on  the 
computed  values  of  Gxx/Gyy  (or  G^/Ggg)  and  Gpp ,  it  is  useful  to  see  how  the 
averaging  process  modifies  the  predicted  response  of  the  unloaded  structure, 
the  mounting  point  impedance  and  the  payload  impedance.  The  response 
spectrum,  in  terms  of  acceleration  power  spectral  density,  for  the  mounting 
point  on  the  unloaded  structure  is  shown  in  Figure  16.  The  figure  contains 
three  spectra,  one  computed  with  a  resolution  of  1  Hz  and  two  obtained  by 
averaging  the  1-Hz  spectrum  in  either  5  Hz  or  25  Hz  bandwidths .  As  expected, 
the  band-averaging  reduces  spectral  peaks  and  fills  in  spectral  troughs. 

Mounting  point  impedance  spectra  are  shown  in  Figure  17  in  terms  of  magnitude 

and  phase.  The  averaging  process  involved,  first,  band- averaging  of  the  real 

and  imaginary  components  of  the  impedance  separately  and  then  combining  the 

o 

averages  to  obtain  the  mean  square  average  magnitude  <Zg>  and  average  phase 
(arg  <Zg>) .  It  is  interesting  to  note  that,  in  this  approach,  the  trough 
which  occurs  in  the  magnitude  spectrum  for  the  impedance  at  the  fundamental 
resonance  frequency  of  the  unloaded  panel  can  increase  in  depth  due  to  the 
averaging,  whereas  the  opposite  would  be  true  if  the  averaging  process  were 
applied  directly  to  | Zg |  (i.e.  if  <jZg|>  were  plotted  rather  than  |<Z  >|). 

Figure  18  contains  spectra  for  the  impedance  of  the  100  lb/80  Hz  payload. 
Similar  results  were  obtained  for  the  other  payloads.  As  for  the  structure, 
real  and  imaginary  parts  were  averaged  separately  and  then  the  averages 
combined  to  obtain  |<Zp>|2  and  arg  <Zp>. 
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FIGURE  16.  EFFECT  OF  FREQUENCY  AVERAGING  ON  CALCULATED 
RESPONSE  OF  UNLOADED  STRUCTURE. 
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FIGURE  18.  EFFECT  OF  FREQUENCY  BAND  AVERAGING  ON  CALCULATED 
PAYLOAD  IMPEDANCE. 
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Now  consider  the  introduction  of  different  representations  for  the  impedance 
terms  in  Eq .  29.  In  the  following  discussion,  all  averaging  processes  use,  as 
a  basis,  results  computed  with  a  resolution  of  1  Hz. 


3.6.2  Representation  (a) 

When  the  impedances  are  used  in  the  form  <|Zp|>  and  < | Z s | > ,  Eq .  29  takes  on 
the  approximate  form: 

GAA/GSS  -  Gxx/Gyy  =  VU  +  < I Zp | >/< | Zs | > ] 2  (34) 

In  this  approach,  the  complex  ratio  Z/Z  is  replaced  by  the  totally  real 
ratio  < | Zp | >/< | Zg | > .  Phase  information  is  not  retained  since  the  ratio 
involves  only  the  amplitudes  of  the  impedances.  Typical  response  ratios  for 
the  payload  mounting  point  are  shown  in  Figure  19  for  two  1-dof  payload 
configurations  with  resonances  at  one-half  (20  Hz)  and  twice  (80  Hz)  the 
fundamental  frequency  of  the  support  structure.  Averaging  is  performed  in  5 
Hz  and  25  Hz  bandwidths .  The  most  important  characteristic  of  the  figures  is 
that  the  approximation  results  in  a  response  ratio  that  is  always  less  than 
unity,  whereas  the  correct  response  ratio  can  be  greater  than  unity  at  some 
frequencies.  The  implication  of  this  result  is  that  there  is  potential  for 
undertest  of  the  payload,  particularly  at  low  frequencies,  as  can  be  seen  in 
the  associated  computed  spectra  for  payload  response  (Figure  20).  The 
frequencies  of  concern  are  the  resonance  frequencies  of  the  combined 
structure/payload  system.  In  computing  the  payload  response  spectra,  band- 
averaged  values  (<Gyy>)  for  Gyy ,  the  displacement  response  spectrum  for  the 
unloaded  structure,  were  used  to  represent  the  enveloping  of  that  data.  There 
is  also  the  potential  for  overtest  at  frequencies  corresponding  to  the 
resonances  of  the  payload  and  unloaded  structure,  especially  for  the  higher 
averaging  bandwidth. 

3.6.3  Representation  (b) 

The  second  approximation  is  to  assume  that  the  impedances  are  averaged  such 
that  phase  is  retained  --  in  this  case  by  averaging  the  real  and  imaginary 
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FIGURE  19.  RATIO  OF  LOADED  TO  UNLOADED  RESPONSE  OF  STRUCTURE 
COMPUTED  USING  EQUATION  34. 
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FIGURE  20.  PAYLOAD  RESPONSE  COMPUTED  USING  EQUATIONS  34  AND  3K 
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pares  of  the  impedance  separately.  The  approximation  to  Eq .  29  then  has  the 
form : 


GAA/GSS  -  Gxx/Gyy  "  V  | 1  +  <Zp>/<Zs>|2  (35) 

It  is  now  seen  (Figure  21)  that  both  the  approximate  and  correct  response 
ratios  can  have  values  greater  than  and  less  than  unity,  depending  on 
frequency.  Thus,  the  potential  for  undertest  of  the  payload  at  the  resonance 
frequencies  of  the  combined  system  is  reduced,  but  it  appears  that  there  is 
potential  for  overtest  at  resonance  frequencies  of  the  unloaded  structure 
(Figure  22).  In  computing  the  payload  response,  band-averaged  values  were 
also  used  for  the  acceleration  response  spectrum  of  the  unloaded  structure 
( i . e .  <Ggg>) . 

3.6.4  Representation  (c) 

This  representation  is  based  on  the  premise  that  the  payload  impedance  is 
known  in  detail,  since  it  can  be  measured  prior  to  the  vibration  qualification 
test,  but  the  mounting  point  impedance  will  be  known  only  as  some  form  of 
average  value  (but  retaining  phase  information).  Eq .  29  now  takes  the 
approximate  form: 


Gm/GSS  -  Gxx/Gyy  “  V  1 1  +  Zp/<ZS> |  2  (36) 

Since  Z  is  computed  with  1  Hz  resolution,  G  /G  also  has  a  1  Hz  resolution, 
p  xx  y  y 

even  though  <Zg>  is  computed  only  at  intervals  of  5  Hz  or  25  Hz.  This 
accounts  for  the  "sloping-step"  appearance  of  the  response  -  ratio  spectra  in 
Figure  23  (5  Hz  bandwidth)  and  Figure  24  (25  Hz  bandwidth).  The  spectra 
indicate  that  a  5-Hz  frequency  band  provides  a  reasonably  good  approximation 
to  the  correct  response  -  ratio  spectrum.  However,  it  may  not  be  practical  to 
obtain  information  for  the  structure  with  this  amount  of  detail.  In  contrast, 
averaging  in  25  Hz  bandwidths  results  in  response  -  ratio  spectra  that  are  too 
coarse.  Thus,  a  moving  average  procedure  was  also  investigated;  this  is  the 
form  for  Representation  (d) . 
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FIGURE  21.  RATIO  OF  LOADED  AND  UNLOADED  RESPONSE  OF 
STRUCTURE  COMPUTED  USING  EQUATION  35. 
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FIGURE  23.  RATIO  OF  LOADED  TO  UNLOADED  RESPONSE  OF  STRUCTURE 
COMPUTED  USING  EQUATION  36  (5  Hz  BANDWIDTH) . 
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FIGURE  24. 
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3.6.5  Representation  (d) 


In  this  case,  the  response  spectrum  for  the  unloaded  structure  and  the 
impedance  function  for  the  mounting  point  were  frequency  -  averaged  using  a 
moving  10-Hz  bandwidth.  The  resulting  acceleration  power  spectral  densitv 
function  for  the  mounting  point  on  the  unloaded  structure  is  compared  in 
Figure  25  with  the  corresponding  spectrum  computed  with  1  Hz  resolution.  The 
typical  broadening  and  reduction  of  the  spectral  peaks  is  immediately 
apparent.  The  corresponding  magnitude  and  phase  of  the  mounting  point 
impedance  are  showm  in  Figure  26,  where,  as  before,  the  averaging  is  performed 
on  the  real  and  imaginary  parts  of  2g  separately.  Resulting  computed  spectra 
for  the  response  ratio  are  plotted  in  Figure  27,  where  there  is  generally  good 
agreement  between  averaged  and  unaveraged  values.  In  this  representation,  the 
response  ratio  is  given  by  the  equation: 

GAA/GSS  -  <WGyy  '  ■/  |l  *  Zp/<ZS>J 2  (3?) 

Associated  response  spectra  for  the  payload  are  shown  in  Figure  28,  and, 
again,  there  is  reasonably  good  agreement  between  averaged  and  unaveraged 
s  ectra,  except  in  the  vicinity  of  the  fundamental  frequency  (40  Hz)  of  the 
v  ;loaded  structure. 

F'gure  28  also  contains  payload  response  spectra  computed  under  the  assumption 

tr.at  G  /G  -  1.  This  extreme  situation  would  occur,  in  practice,  if  the 
xx  yy 

shaker  were  controlled  (without  destroying  the  shaker!)  to  maintain  a 
vibration  amplitude  equal  to  that  of  the  unloaded  structure  at  the  mounting 
\  >int  location,  at  all  frequencies.  It  is  interesting  to  note  that  there 
v >uld  be  no  undertesting  at  the  resonance  frequencies  of  the  combined  system, 
but  there  would  be  severe  overtesting  at  the  resonance  frequencies  of  the 
u  attached  payload  and  the  unloaded  structure.  More  surprisingly,  for  the  100 
lb/80  Hz  payload,  there  would  be  severe  overtesting  over  a  wide  frequency 
range . 

3.6.6  Representation  (e) 

The  form  of  Eq .  29  associated  with  Representation  (e)  is 
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Panel  Mounting  Point  Response,  Unloaded. 

UNLOADED  PLATE,  REVERBERANT  EXCITATION  1  tb/ir>2 


Phase  of  Mounting  Point  Impedance.  Degrees  Magnitude*^  of  Mounl.ng  Po.nt  Impedance.  dD  re  1  ib/sec 


Mourr  ng 


Tipedance 


Rotio  of  Loaded/Unloaded  Response,  Gxx/Gyy,  dB  Ratio  of  Loaded/Unlooded  Response.  G*«/3yy.  dB 


Panel  Mounting  Point  Response,  Loaded  20  Hz 


Panel  Mounting  Point  Response,  Loaded  80  Hz 


PAYLOAD  100  tb.  80  Hz,  LOSS  FACTOR  2.5* 


FREQUENCY,  Hz 

"  ■  ■  1Hz  Vo!u*»  X  from  10  Hz  Moving  Av.  Zi 


FIGURE  27.  RATIO  OF  LOADED  TO  UNLOADED  RESPONSE  OF  STRUCTURE 
COMPUTED  USING  EQUATION  37.  (MOVING  AVERAGE  OF 
MOUNTING  POINT  IMPEDANCE). 


ACCELERATION  PSD.  dB  re  1g  ACCELERATION  PSD.  dB  re  1g 
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G»»/Gyy  ■  1 


FIGURE  28.  PAYLOAD  RESPONSE  COMPUTED  USING  EQUATIONS  37  &  31. 
(MOVING  AVERAGE  OF  MOUNTING  POINT  IMPEDANCE). 


(38) 


GAA<f)  “  Gss(f)/[1  +  |Zep(f)|  /  lZes(f)M2 

where  the  enveloping  o'"  the  impedance  functions  is  performed  on  the  magnitude 
of  the  functions  without  regard  for  phase.  Typical  results  of  applying  Eq .  38 
are  shown  in  Figures  29  and  30.  As  might  be  expected,  since  phase  information 
is  not  retained  in  the  impedance  functions,  the  results  show  some  similarity 
to  those  associated  with  Representation  (a),  that  is, 

GAA<f>  "  Gss(f)/I 1  +  <|Zp|>/<|Zs|>]2  (39) 

The  ratio  of  loaded  to  unloaded  response,  Gxx/GyV  =  GAA//GSS’  *-s  always  less 
than  unity,  so  that  there  is  under-prediction  of  the  response  of  the  mounting 
point  and  payload  at  resonance  frequencies  of  the  combined  structure/payload 
system.  There  is  some  over-prediction  of  the  response  at  resonance 
frequencies  of  the  unloaded  structure. 

3 . 7  Mobility 

The  preceding  discussion  of  the  parametric  studies  considered  the  impedances 
of  the  mounting  point  and  payload.  Averaging  or  enveloping  of  the  impedance 
function  was  performed  as  desired  in  an  attempt  to  simulate  the  effects  of 
uncertainties  in  response  and  impedance  data  from  the  Shuttle.  Equally  well, 
the  equations  could  be  expressed  in  terms  of  the  mobility  function,  which  is 
the  reciprocal  of  the  impedance,  i.e., 

Ys(f)  =  1/Zs(f);  Yp(f)  -  1/Zp(f)  (40) 

However,  the  effects  of  averaging  could  be  different  when  applied  to  mobility 
rather  than  impedance.  Thus,  it  is  of  interest  to  investigate  the  effects  of 
using  mounting  point  mobility  instead  of  mounting  point  impedance  in  the 
averaging  process. 

It  is  assumed  for  this  study  that  the  mounting  point  mobility  is  averaged 
using  a  10-Hz  moving  bandwidth.  Then,  Eq .  29  has  the  form 

GAA<f>  -  GSS<f>/  I1  +  [Zp(f)<Ys(f)>m]|2 
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ACCELERATION  PSD.  dD  re  1  g  Ratio  of  Loaded/Unloaded  Response.  C**/G yy.  dO 


Panel  Mounting  Point  Response,  Loaded  80  Hz 


FREQUENCY,  Hz 

1Hz  Voices  X  Envelope*  of  Zs  te  Zp 


GURE  29.  RATIO  OF  LOADED  TO  UNLOADED  RESPONSE  OF  STRUCTURE 
USING  EQUATION  38.  (IMPEDANCE  ENVELOPES) 


Payload  Response,  Frequency  80  Hz. 


PAYLOAD  100  lb,  80  Hz,  LOSS  FACTOR  2-53,  REVERB  FIELD. 


FREOUENCY.  Hz 

1  Hz  Volue*  x  Envelope*  of  Z*  k  Zp 


FIGURE  30.  PAYLOAD  RESPONSE  COMPUTED  USING  EQUATIONS  38  &  31. 

(IMPEDANCE  ENVELOPES) 


where,  as  in  Eq .  37,  <  >m  denotes  a  moving  frequency  average. 


The  average  mounting  point  mobility  is  compared  with  the  correct  value  in 
Figure  31,  in  terms  of  magnitude  and  phase,  respectively.  Corresponding 
comparisons  for  the  mounting  point  impedance  are  contained  in  Figure  26.  In 
the  case  of  the  magnitude,  a  comparison  of  Figures  26(a)  and  31(a)  shows  the 
different  effects  associated  with  averaging  at  a  peak  and  at  a  trough  or 
notch . 

Structure  mounting-point  response  ratios  (ratio  of  loaded  to  unloaded 
vibration  spectra)  are  shown  in  Figure  32  for  the  100  lb  payload  with 
resonance  frequencies  of  20  and  80  Hz,  respectively.  These  can  be  compared 
with  corresponding  results  in  Figure  27.  It  is  seen  that,  at  some 
frequencies,  the  mobility  approach  gives  results  that  are  closer  to  the 
correct  value  than  does  the  impedance  approach,  but  at  otner  frequencies  the 
opposite  is  true. 

Associated  spectra  for  the  payload  response  are  presented  in  Figure  33 
(compared  with  Figure  28).  In  the  case  of  both  payloads,  there  is  a  marked 
difference  in  the  predicted  response  at  frequencies  in  the  neighborhood  of  the 
40  Hz  fundamental  frequency  of  the  structure.  When  the  averaging  is  performed 
on  the  mobility  (Figure  33),  the  response  at  40  Hz  is  about  10  dB  above  the 
correct  value.  When  the  averaging  is  performed  on  the  impedance  (Figure  28), 
the  predicted  response  at  40  Hz  is  about  10  dB  below  the  correct  value  but,  on 
either  side  of  40  Hz,  the  predicted  response  is  about  10  dB  above  the  correct 
value . 

An  alternative  frequency-averaging  approach  is  to  compute  the  average 
magnitude  of  the  mobility  from  the  moving  average  of  the  magnitude  of  the 
mobility,  Y  ,  while  the  phase  is  still  computed  from  the  moving  averages  of 
the  real  and  imaginary  parts  of  the  mobility.  The  resulting  magnitude  of  the 
mounting  point  mobility  is  shown  in  Figure  34.  Comparing  Figures  34  and 
31(a),  it  is  seen  that  peaks  in  the  mobility  spectrum  are  now  represented  more 
accurately  than  before.  The  averaged  phase  spectra  are,  of  course,  identical 
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Ratio  of  Loaded/Unloaded  Response.  Gxx/Gyy.  dD  Ratio  of  Loaded/Unloaded  Response,  G**/G yy.  dH 


Panel  Mounting  Point  Response,  Loaded  20  Hz 


Panel  Mounting  Point  Response,  Loaded  80  Hz 


payload  100  lb,  00  Hz,  LOSS  FACTOR  2.57. 


FREQUENCY.  Hz 

-  1Hz  VoIum  X  10  Hz  Moving  A v.  Y* 


FIGURE  32. 


RATIO  OF  LOADED  TO  UNLOADED  RESPONSE  OF  STRUCTURE 

52^rLE2wUSl!!^E2!iATION  41  (AVERAGING  REAL  AND 
IMAGINARY  PARTS  OF  MOBILITY) 


■»  A 


ACCELERATION  PSD.  dD  re  Ig  ACCELERATION  PSO.  dO  re  1g 


Magnitude  of  Mounting  Point  Mobility,  dB  re  1  in/sec/lb 


Panel  Mounting  Point  Mobility 


FREQUENCY,  Hz 

-  1Hz  Values  X  10  Hz  Moving  Av.  Ys 


FIGURE  34. 


MAGNITUDE  OF  MOUNTING  POINT  MOBILITY  COMPUTED 
WITH  10  Hz  MOVING  AVERAGE  OF  MOBILITY  MAGNITUDE. 
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in  the  two  cases.  Response  ratio  spectra  G^/Ggg  =  Gxx/G  are  shown  in  Figure 
35.  It  is  seen  that  there  is  now  closer  agreement  between  the  approximate 
results  and  the  correct  predictions  at  the  fundamental  frequency  of  the 
structure  than  was  the  case  for  the  previous  averaging  method.  This  is  borne 
in  the  predicted  response  spectra  for  the  payload  (Figure  36)  where  the 
vibration  level  predicted  at  AO  Hz  using  the  alternative  moving  average  of  the 
mobility  is  quite  close  to  the  correct  prediction.  In  the  case  of  the  80  Hz 
payload,  the  approximation  still  under-predicts  the  vibration  at  the  lowest 
resonance  frequency  of  the  combined  system  (by  about  10  dB)  and  also  under- 
predicts  (again  by  about  10  dB)  the  response  at  about  90  Hz.  All  the 
averaging  procedures  predict  vibration  levels  that  are  below  those  obtained 
under  the  assumption  that  Gxx/G  «  1,  (i.e.  the  shaker  velocity  is  equal  to 
the  free  velocity  of  the  structure)  except  at  the  lowest  frequency  of  the 
combined  structure/payload  system,  where  the  assumption  G  /G  =  1  cannot 
amount  for  the  resonance. 

3 . 8  Vibration  Measurements  on  Loaded  versus  Unloaded  Structure 

As  noted  in  Section  2,  all  three  candidate  procedures  for  vibration  testing  of 
Shuttle  sidewall-mounted  payloads  assume  that  the  specified  spectral  density 
values  for  the  test  specification  present  unloaded  sidewall  vibration 
measurements.  However,  as  detailed  in  Table  1,  most  (but  not  all)  of  the 
vibration  data  used  to  create  the  Air  Force  specified  orbiter  sidewall 
vibration  test  levels  in  SD-CF-0206  [7]  were  measured  at  locations  on,  or 
near,  payload  attachment  points. 

To  investigate  the  potential  discrepancies  associated  with  using  vibration 
data  measured  near  loaded  locations  as  representations  of  unloaded  vibration 
levels,  computer  simulation  studies  were  performed  using  the  simplified  panel- 
payload  model  employed  for  the  parametric  studies.  The  payload  weight  for  the 
studies  was  varied  from  25  to  A00  lb,  and  the  resonance  frequency  of  the 
payload  was  varied  from  20  to  160  Hz.  Again,  the  weight  of  the  supporting 
panel  was  about  A0  lb,  and  the  unloaded  resonance  frequency  was  A0  Hz.  Hence, 
the  parametric  variations  of  the  payload  relative  to  the  panel  in  the  computer 
simulations  covered  a  range  of  values  typical  of  the  anticipated  parameter 
ratios  for  orbiter  sidewall  mounted  payloads. 
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Ratio  of  Loaded/Unloaded  Response.  Gxx/Cyy.  dB  Rotio  of  Louded/Unloaded  Response.  G«*/G yy.  dt3 


Panel  Mounting  Point  Response,  Loaded  20  Hz 


Panel  Mounting  Point  Response,  Loaded  80  Hz 

PAY10AC  TOO  lb,  80  Hz.  LOSS  FACTOR  2.5% 


FREQUENCY,  Hz 

1Hz  Values  x  10  Hz  Movino  hv.  Y* 


FIGURE  35.  RATIO  OF  LOADED  TO  UNLOADED  RESPONSE  OF  STRUCTURE 
COMPUTED  USING  EQUATION  41  (AVERAGING  MAGNITUDE 
OF  MOUNTING  POINT  MOBILITY). 


74 


The  panel  in  the  computer  simulated  model  was  excited  with  reverberant 
acoustic  excitation,  and  the  response  was  computed  with  the  various  payload 
parameter  values.  Since  test  specifications,  including  SD-CF-0206,  generally 
represent  an  envelope  of  spectral  peaks  in  measured  data,  it  is  the  peak 
values  of  the  spectral  responses  predicted  for  the  various  payload 
configurations  that  are  of  interest.  These  peak  values  are  shown  in 
comparison  to  the  unloaded  panel  response  in  Figure  37.  Also  showna  in  Figure 
37  is  an  envelope  of  the  spectral  peaks  for  the  loaded  panel  response.  It  is 
seen  that  the  envelope  of  the  spectral  peaks  for  the  loaded  panel  responses 
broadly  covers  the  spectral  peaks  for  the  unloaded  panel  response. 

The  results  in  Figure  37  support  the  conclusion  that  there  is  no  need  for 
concern  over  the  fact  that  most  of  the  data  used  to  generate  the  levels  in  SD- 
CF-0206  represented  loaded  sidewall  vibration  responses ,  even  though  the 
candidate  test  procedures  assume  unloaded  vibration  responses,  since  the  use 
of  envelope  data  for  the  basic  test  specif ication  generally  eliminates  the 
distinction  between  the  two  situations.  During  the  course  of  the  combined 
loads  study  reported  in  {10],  that  were  illustrations  of  vibration 
measurements  on  unloaded  structure  that  were  substantially  higher  in  all  1/3 
octave  bands  than  the  vibration  measurements  at  other  loaded  locations  in  the 
bay.  However,  this  could  have  been  due  to  a  basic  difference  in  the  vibration 
response  at  the  two  different  locations,  rather  than  the  loading  condition. 

In  any  case,  those  high  level  measurements  at  unloaded  locations  reported  in 
[10]  were  used  in  the  derivation  of  the  specified  test  levels  in  SD-CF-0206 
(see  V08D934  9 ,  53,  54,  and  55  in  Table  1). 
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Panel  Mounting  Point  Response,  Unloaded. 

UNLOADED  PLATE,  LOSS  FACTOR  2.4%,  REVERBERANT  FIELD  1  Ib/in2 
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WITHOUT  PAYLOAD. 


4.  DETAILED  FINITE  ELEMENT  STUDY 


The  objective  of  the  detailed  finite  element  study  was  to  examine  analytically 
the  mounting  point  response  of  both  the  unloaded  and  loaded  sidewall  to 
acoustic  excitation.  In  particular,  it  was  of  interest  to  estimate  the 
influence  of  a  sidewall -mounted  payload  on  the  vibration  of  the  sidewall 
during  lift-off.  Such  an  analysis  gives  perspective  to  the  parametric  studies 
and  model  scale  experiments  described  elsewhere  in  this  document. 

A  high  frequency,  high  fidelity  finite  element  model  of  the  Space  Shuttle 
cargo  bay  [11]  was  used  in  conjunction  with  a  detailed  stress  model  of  the  OEX 
Autonomous  Supporting  Instrumentation  System  (OASIS-1  payload)  [12],  and  a 
simplified  model  of  the  Adaptive  Payload  Carrier.  The  OASIS-1  model  was  used 
since  flight  data  existed  for  this  payload  [13],  enabling  the  direct 
comparison  of  analytical  and  experimental  results. 

4 . 1  Finite  Element  Models 

A  detailed  description  of  the  finite  element  models  can  be  found  in  References 
11  and  12.  A  brief  overview  of  these  models  and  specialized  modeling  and 
analysis  techniques  employed  for  their  adaptation  to  the  present  study  are 
discussed  below. 

The  Space  Shuttle  cargo  bay  finite  element  model  and  its  boundary  conditions 
can  be  seen  in  Figures  38  and  39.  These  boundary  conditions  were  used  to 
simplify  the  model  and  facilitate  its  application  to  the  high  frequency  range 
(20  -  200  Hz).  The  model  was  sub-divided  into  the  MSC/NASTRAN  superelements 
(i.e.  substructures)  given  in  Table  3  and  shown  in  Figure  40.  Component  mode 
reduction  was  specified  for  superelements  1  through  4,  and  the  first  two 
hundred  normal  modes  were  extracted  for  these  superelements  and  the  residual 
structure  (Table  4) . 

In  order  to  facilitate  the  connection  of  the  OASIS-1  payload  to  the  cargo  bay, 
the  cargo  bay  finite  element  model  was  repartitioned  into  the  superelements 
shown  in  Figure  41  and  described  in  Table  5.  Since  the  OASIS-1  pavload 
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CD  >» 


Table  3.  Superelement  Definition 


Superelement 


Description 


Residual 

Main 

Frames 

3,  6 

&  9 

1 

Bays 

1,  2  & 

O 

2 

Bays 

4,  5  & 

6 

3 

Bays 

7,  8  & 

9 

4 

Bays 

10,  11, 

12a 

&  12b 

5 

Stub 

frames 

1,  2 

&  3 

6 

Stub 

frames 

4,  5 

&  6 

7 

Stub 

frames 

7,  8 

,  &  9 

8 

Stub 

frames 

10, 

11,  12a  &  12b 

Table  4.  Eigenvalue  Summary 


Superelement 

fmav  (Hz) 
max  v 

p  of  modes 

0 

Residual  Structure 

163.2 

200 

0 

Superelement  1 

568.4 

200 

o 

Superelement  2 

630.0 

200 

0 

Superelement  3 

642.3 

200 

0 

Superelement  4 

471.8 

200 
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FIGURE  41.  REPARTITIONED  SUPERELEMENT  MODEL 


Table  5.  Repartitioned  Model 


Superelement 


Description 


Residual 

1 

2 

3 

4 

5 

6 

7 

8 
9 


Main  Frames  3,  6,  7  &  10 
Bays  1 ,  2  &  3 
Bays  4,  5  &  6 
Bays  8,  9  &  10 
Bays  11,  12a  &  12b 
Stub  frames  1,  2  &  3 
Stub  frames  4,  5  &  6 
Stub  frames  8,  9  &  10 
Stub  frames  11,  12a  &  12b 
OASIS-1  Payload 
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attaches  to  bay  7  of  the  sidewall  structure,  it  is  convenient  to  define  all 
points  within  bay  7  in  the  residual  structure.  This  allows  for  greater 
flexibility  in  attaching  the  OASIS-1  payload  to  the  sidewall,  and  simplifies 
the  reduction  order  for  the  entire  model  in  the  event  that  modifications  to 
either  the  payload  or  the  sidewall  model  are  necessary  [14], 

An  exploded  view  of  the  OASIS-1  payload,  showing  all  major  components  and  its 
interface  with  the  APC  can  be  seen  in  Figure  42.  The  detailed  stress  analysis 
model  of  the  OASIS- 1  payload  shown  in  Figure  43  was  provided  by  Lockheed  [12]. 
The  total  weight  of  the  OASIS -1  payload  was  computed  with  MSC/NASTRAN  to  be 
221  lb.  This  model  was  initially  constrained  to  ground  with  a  series  of 
scalar  springs  (K  =  5x10^  lb/in)  at  eighteen  locations  on  the  adapter  frame 
(Figure  44) .  The  scalar  spring  representation  was  used  by  Lockheed  to 
approximate  the  mounting  stiffness  of  the  payload  on  the  APC.  It  is  unclear 
whether  the  sizing  of  the  scalar  springs  is  an  accurate  dynamic  representation 
of  the  APC,  particularly  in  the  higher  frequency  range  (above  20  Hz). 
Preliminary  hand  calculations  indicated  that  the  first  rigid-body  payload  mode 
on  the  springs  (i.e.  bouncing)  would  be  roughly  630  Hz. 

The  OASIS- 1  payload  model  was  reoriented  to  the  proper  location  on  bay  7  of 
the  sidewall  model  through  the  adjustment  of  parameters  on  local  coordinate 
system  definition  cards  in  the  NASTRAN  bulk  data  deck.  The  scalar  springs 
were  removed  from  the  ground  and  redefined  on  coincident  grid  points  at  each 
of  the  spring  locations.  Since  the  APC  mounting  stiffness  is  taken  into 
account  by  the  scalar  springs,  it  was  reasonable  to  define  the  APC  as  a 
concentrated  mass  (26  lb)  rigidly  connected  to  the  free  ends  of  the  scalar 
springs  (Figure  45).  In  practice,  the  connection  of  the  APC  on  the  sidewall 
is  actually  non-linear,  since  the  APC  is  allowed  to  translate  (rattle)  with 
respect  to  the  sidewall  in  certain  degrees  of  freedom  at  the  three  mounting 
point  locations  (Figure  46).  Since  non-linearities  are  extremely  difficult  to 
include  in  modal  formulations,  the  APC  mounting  on  the  sidewall  was  assumed  to 
be  statically  determinate  in  the  present  finite  element  model.  Consequently, 
there  is  no  load  transfer  between  the  APC  and  sidewall,  and  it  was  possible  to 
ignore  the  mounting  stiffness  between  these  components.  The  concentrated  mass 
representing  the  APC  was,  therefore,  rigidly  attached  to  the  sidewall  at  two 
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OASIS  I  HORIZONAL  INSTALLATION 


nicrnwl  (iltinki’t  (iM.ii  Hi) 

C.itile  Shelf  (not  shown)  (6.11  lb) 


FIGURE  43.  OASIS-1  FINITE  ELEMENT  MODEL 


FRAME  MOUNTING  POINT  LOCATIONS  (18). 


FIGURE  46.  ADAPTIVE  PAYLOAD  CARRIER 


locations  in  the  degrees  of  freedom  shown  in  Figure  47.  For  the  loaded 
sidewall  study,  the  APC  was  included  in  the  residual  structure,  and  the  OASIS- 
1  payload  was  defined  as  a  separate  superelement  on  which  component  modes 
reduction  was  performed. 

4 . 2  Normal  Modes  Analysis 

Normal  modes  analysis  with  the  superelement  solution  sequences  in  MSC/NASTRAN 
involve  fixed  boundary  solutions  of  each  of  the  superelements  (component 
modes)  and  the  dynamic  reduction  of  these  modes  to  the  residual  structure 
(system  modes)  [14],  Normal  modes  analysis  techniques  and  results  for  the 
repartitioned  cargo  bay  model  unloaded  and  loaded  with  the  OASIS-1  payload 
model  are  discussed  below. 

Component  modes  were  obtained  for  each  of  the  superelements  which  comprise  the 
repartitioned  cargo  bay  model  shown  in  Figure  41.  Earlier  normal  modes 
analysis  results  on  the  original  cargo  bay  model  indicated  that  it  was 
probably  over-conservative  to  retain  200  modes  for  each  of  the  four 
superelements  on  which  component  mode  reduction  was  specified  [11]. 

Therefore,  modal  analysis  was  conducted  by  retaining  only  those  component 
(superelement)  modes  under  400  Hz,  and  system  (residual  structure)  modes  under 
200  Hz  (Table  6).  Normal  modes  for  the  unloaded  residual  structure  are  given 
in  Table  7 . 


Table  6.  Eigenvalue  Summary 

Superelement  fmax  (Hz)  #  of  modes 


0 

Residual  Structure 

200 

298 

0 

Superelement  1 

400 

134 

o 

Superelement  2 

400 

124 

0 

Superelement  3 

400 

120 

o 

Superelement  4 

400 

114 

91 


92 


FIGURE  47.  APC  CONNECTION  TO  SIDEWALL 


Table  7.  Unloaded  Sidewall  Normal  Modes 
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The  fixed-boundary  component  inodes  for  the  OASIS -1  payload  were  obtained  by 
constraining  the  APC  grid  point  and  performing  the  eigenvalue  extraction  up  to 
200  Hz.  Twenty-one  fixed-boundary  modes  were  found;  these  are  listed  in  Table 
8  and  shown  graphically  in  Appendix  E.  These  modes  were  then  reduced  and 
coupled  to  the  residual  structure  at  the  APC  grid  point. 

System  modes  of  the  cargo  bay  model  with  the  OASIS-1  payload  are  given  in 
Table  9.  The  first  mode,  which  is  a  rigid  body  mode,  is  believed  to  be  the  y- 
axis  rotation  of  the  APC  and  OASIS-1  on  the  sidewall.  This  is  justified  on 
the  basis  that  neither  the  unloaded  sidewall  nor  the  fixed-boundary  OASIS-1 
payload  models  contained  rigid-body  modes.  Further  examination  of  the  APC 
mounting  on  the  sidewall  (Figure  47)  indicates  that  the  y-direction  couple 
will  properly  constrain  rigid-body  rotation  about  the  x-  and  z-  axes.  Since 
the  APC  grid  point  lies  through  the  lines  of  action  of  the  x-  and  z- 
constraints,  constraint  of  the  y-rotation  is  not  guaranteed.  Such  a  modeling 
technique  was  unavoidable,  since  additional  x-  or  z-  direction  constraints  at 
the  APC  attachment  locations  would  have  rigidized  the  interface  between  the 
APC  and  the  sidewall.  The  first  rigid-body  mode  was  therefore  partitioned  out 
of  subsequent  frequency  response  analyses. 

4 . 3  Frequency  Response  Analysis 

After  calculation  of  system  modes  it  is  appropriate  to  perform  modal  frequency 
response  analyses  to  determine  the  response  of  both  the  unloaded  and  loaded 
sidewall  models  to  acoustic  excitation.  The  methodology  which  was  employed 
for  these  studies  is  described  in  detail  in  Reference  15.  A  point  on  the 
sidewall  in  the  vicinity  of  one  of  the  APC  mounting  points  was  chosen  as  the 
response  point  for  both  the  unloaded  and  loaded  sidewall  models.  The  response 
power  (auto-)  spectral  density  function  G<-g(f)  at  node  points  can  be  given  by 

GSS<£>  -  l  l  Hns*<£>V5™<f>IWf>\,  <42> 

where  An  is  the  area  associated  with  node  point  n,  Hng(f)  is  the  frequency 
response  function  giving  the  response  at  node  s  due  to  a  unit  pressure 
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Table 


8.  OASIS  I  Fixed  Boundary  Modes 


MODE  NO. 

1 

2 

3 

4 

5 

6 

7 

8 
9 

10 

11 

12 

13 

14 

15 

16 

17 

18 

19 

20 
21 


CYCLES  (HZ) 

4 . 945811E+00 
5 . 136858E+00 
1 . 110806E+01 
5 . 126816E+01 
5 . 500848E+01 
6 . 679961E+01 
7 . 588665E+01 
7 . 838692E+01 
8 . 307774E+01 
9 . 074462 E+01 
9 . 473682E+01 
1 .101998E+02 
1.159331E+02 
1.224181E+02 
1 . 369674E+02 
1 . 564992E+02 
1 .613874E+02 
1 .730168E+02 
1.811488E+02 
1.944810E+02 
1.987567E+02 
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Table  9.  Loaded  Sidewall  Normal  Modes 
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distributed  over  area  An,  and  G  (f)  is  the  excitation  pressure  cross  -  spectral 
density  function. 

The  actual  acoustic  field  on  the  Space  Shuttle  during  lift-off  can  be 
described  best  in  terms  of  a  convected  pressure  field.  However,  since  the 
main  purpose  of  this  analytical  study  is  to  predict  the  relative  response  of 
an  unloaded  and  loaded  sidewall,  it  was  assumed  that  the  excitation  pressure 
could  be  represented  adequately  as  a  reverberant  acoustic  field.  This 
assumption  simplifies  the  computation  requirements.  Also  for  ease  of 
computation,  it  was  assumed  that  the  excitation  pressure  cross  -  spectral 
density  function  could  be  taken  as  separable  in  the  y-  and  z - directions . 

Thus , 

Gnm(f>  “  Gnn<f)  [sin(kO/(kO  1  [sin(k.j)/(k»j)  ]  (43) 

where  Gnn(f)  is  the  pressure  auto- spectrum  (assumed  homogeneous),  £-yn*y 
t)- zn"2m,  anc*  wavenumber  k-27rf/cQ  where  cQ  is  the  speed  of  sound.  This  is  a 
somewhat  crude  assumption  but  it  is  adequate  for  present  purposes. 

Values  for  the  pressure  autospectral  density  function  Gnn(f)  were  obtained 
from  the  empirical  model  of  the  exterior  pressure  field  used  in  the  PACES 
prediction  procedure  [16]  for  payload  bay  sound  pressure  levels.  The 
empirical  model  in  Reference  16  presents  space-average  values  of  the  spectral 
density  for  both  the  forward  and  aft  regions  of  the  sidewall.  In  the  present 
finite  element  model  it  is  assumed  that  the  autospectral  density  is  uniform 
over  the  entire  sidewall.  Thus,  values  for  the  forward  and  aft  regions  were 
averaged.  It  was  found  that  the  resulting  average  values  showed  little 
frequency  dependency  over  the  frequency  range  of  interest  (20-200  Hz).  Thus  a 
constant  value  of  6.24x10’"’  (psi)^/Hz  was  taken  for  G  (f)  ,  for  all 
frequencies  of  interest.  The  actual  variation  about  this  mean  value  was  less 
than  ±1.3  dB . 

The  computation  assumed  that  the  excitation  pressure  field  was  present  only  on 
the  sidewall  above  the  wing.  Consistent  with  the  PACES  model  [16],  it  was 
assumed  that  the  excitation  pressure  field  on  the  sidewall  region  covered  by 
the  wing  could  be  neglected.  Also,  it  was  assumed  that  there  was  no 
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excitation  pressure  field  on  the  bottom  of  the  payload  bay.  This  assumption 
was  introduced  to  keep  the  computations  within  a  manageable  size.  However,  it 
can  be  justified  on  the  basis  of  the  results  presented  in  Reference  10.  In 
that  study  it  was  shown  that,  even  at  low  frequencies,  the  response  of  the 
sidewall  in  the  y-direction  was  controlled  by  the  acoustic  pressure  field 
acting  on  the  sidewall  above  the  wing.  The  fluctuating  pressure  field  on  the 
bottom  of  the  orbiter  made  a  significant  contribution  to  the  motion  of  the 
sidewall  in  the  z-direction  only. 

A  point  on  the  sidewall  in  the  vicinity  of  one  of  the  APC  mounting  points  was 
chosen  as  the  response  point  for  both  the  unloaded  and  loaded  sidewall  models. 
This  point,  shown  in  Figure  47,  corresponds  to  the  outer  edge  of  the  upper 
longeron,  halfway  between  the  main  frame  and  stub  frame  in  bay  7. 

The  predicted  response  of  the  unloaded  sidewall  can  be  compared  with  vibration 
measurements  made  on  the  early  launches  of  the  Space  Shuttle.  An  analysis  of 
data  from  these  early  launches  was  performed  in  Reference  10  and  the  same  data 
have  been  used  to  construct  two  acceleration  spectra  associated  with  maximum 
response  (usually  in  the  time  slice  from  T+5.5  seconds  to  T+6 . 3  seconds).  The 
data  were  provided  as  one-third  octave  band  time  histories.  Thus  the  spectral 
comparison  is  made  in  terms  of  one- third  octave  bands.  The  comparison  is 
shown  in  Figure  48  which  contains  two  measured  spectra.  One  spectrum  is 
associated  with  accelerometer  V08D9349A  at  location  x=908,  y=»105,  z-410  on 
STS-3  and  the  other  with  V08D9388A  at  location  x-1183,  y-95,  z=*414  on  STS-4. 
The  first  location  was  on  the  orbiter  longeron  and  the  second  on  the  orbiter 
attachment  for  the  DFI  trunnion.  Thus,  in  the  latter  case  the  sidewall  was 
loaded.  The  comparison  shows  the  predicted  spectrum  lying  between  the  two 
measured  spectra.  It  should  be  noted  that  the  measured  vibration  levels 
associated  with  accelerometer  V08D9349A  were  much  higher  than  those  for  any 
other  locations  measured  on  STS-3  and  STS-4  [10]. 

The  results  in  Figure  48  give  confidence  that  the  finite  element  model  is 
predicting  vibration  levels  that  are  consistent  with  measured  values.  The 
predicted  vibration  spectrum  for  the  OASIS  I  base  plate  is  compared  with  two 
measured  spectra  in  Figure  49.  The  measured  spectra  were  obtained  from 
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FIGURE  48.  COMPARISON  OF  MEASURED  AND  PREDICTED  VIBRATION 
OF  SPACE  SHUTTLE  ORBITER  SIDEWALL 
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FIGURE  49.  COMPARISON  OF  MEASURED  AND  PREDICTED  VIBRATION 
OF  OASIS  I  PAYLOAD  BASE  PLATE 
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Reference  13.  In  this  case  the  predicted  values  are  somewhat  lower  than  both 
of  the  measured  spectra. 

It  is  now  of  interest  to  compare  the  predicted  vibration  spectra  for  the 
unloaded  sidewall  and  the  OASIS  I  payload  base  plate  (which,  because  of  the 
modelling  procedure,  is  essentially  the  same  as  the  loaded  sidewall).  Such  a 
comparison  is  given  in  Figure  50  in  terms  of  autospectral  density  function  and 
one- third  octave  band  spectra.  The  frequency  range  shown  is  20  to  200  Hz.  It 
is  seen  that,  in  general,  the  response  of  the  loaded  sidewall  is  lower  than 
that  of  the  unloaded  sidewall.  Inspection  of  the  narrowband  spectra  (Figure 
50(a)  also  show  some  frequency  shifts  at  peaks  or  troughs.  However,  for  both 
amplitude  and  frequency  the  changes  are  small. 

These  results  can  be  reviewed  In  terms  of  the  parametric  studies  performed 
with  a  single-degree-of-freedom  payload  (discussed  in  Section  3).  Consider, 
for  example  the  results  shown  in  Figure  14(a)  for  the  case  where  the  resonance 
frequency  of  the  payload  was  about  half  that  of  the  lowest  mode  of  the  panel 
on  which  the  payload  was  mounted.  Also  consider  the  payload  with  the  smallest 
weight  (25  lb) .  This  weight  was  about  63%  of  the  physical  weight  of  the 
stiffened  panel.  In  the  case  of  the  OASIS  I  payload  on  the  shuttle  sidewall, 
the  lowest  resonance  frequency  of  the  payload  is  below  that  of  the  sidewall, 
and  the  weight  of  the  payload  is  much  smaller  than  the  weight  of  the  sidewall 
and  bottom  structure  (less  than  10%). 

Figure  40(a)  shows  that  the  25  lb  payload  has  only  a  small  influence  on  the 
predicted  response  of  the  supporting  structure  except  at  frequencies  below  60 
Hz,  i.e.,  at  frequencies  below  1.5f^  where  f^  is  the  lowest  resonance 
frequency  of  the  supporting  structure.  If  this  were  the  case  for  OASIS  I  on 
the  sidewall  of  the  structure,  the  presence  of  the  payload  would  be  expected 
to  have  most  influence  at  frequencies  below  20  Hz,  that  is,  below  the 
frequency  range  of  interest  in  Figure  50. 
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(b)  Acceleration  One-Third  Octave  Band  Spectra 
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FIGURE  50.  COMPARISON  OF  PREDICTED  VIBRATION  OF  UNLOADED 
SIDEWALL  AND  OASIS  I  PAYLOAD  BASE  PLATE. 
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4 . 4  Summary 


The  finite  element  analysis  of  the  vibration  of  the  Space  Shuttle  sidewall 
gives  results  that  are  consistent  with,  and  of  comparable  magnitude  to,  launch 
measurements.  The  predictions  indicate  that,  when  the  OASIS  I  payload  is 
attached  to  the  sidewall,  the  changes  in  sidewall  vibration  are  small.  This 
indicates  that  the  impedance  of  the  payload  is  small  relative  to  that  of  the 
sidewall  mounting  point.  Comparisons  with  results  for  simple,  single-dof, 
payloads  again  show  consistency. 
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5.  OV-101  SIDEWALL  INERTANCE  MEASUREMENTS 


All  of  the  vibration  testing  procedures  discussed  in  Section  2  require  a 
knowledge  of  the  inertance  (apparent  weight)  function  for  the  orbiter 
structure  at  the  payload  mounting  points.  To  estimate  these  mounting  point 
inertance  functions,  a  series  of  experiments  were  performed  on  Space  Shuttle 
Orbiter  OV-101  (the  Enterprise),  which  is  now  the  property  of  the  S.ithsonian 
Institution  in  Washington,  D.C.  The  plan  for  the  experiments  is  detailed  in 
Reference  17.  The  basic  data  analysis  was  accomplished  by  the  NASA  Goddard 
Space  Flight  Center  (GSFC) ,  and  the  results  were  transmitted  to  Astron 
Research  and  Engineering  for  detailed  evaluations. 

5 . 1  Data  Collection  and  Analysis 

The  OV-101  experiments  were  performed  at  Dulles  International  Airport  on  19 
and  20  August  1987.  The  inertance  measurements  were  made  by  personnel  of  the 
NASA  Goddard  Space  Flight  Center  (GSFC),  Greenbelt,  MD. 

5.1.1  OV-101  Configuration 

The  OV-101  as  tested  was  essentially  a  stripped  orbiter  configuration.  There 
were  no  equipment  items  in  the  crew  compartment,  no  interior  thermal  control 
system  (TCS)  material  in  the  cargo  bay,  and  no  radiators  or  door  seals  on  the 
cargo  bay  doors.  The  actual  exterior  thermal  protection  system  (TPS)  material 
was  not  installed,  but  was  accurately  simulated  in  terms  of  weight.  The  most 
serious  discrepancy  from  a  flight  orbiter  configuration  was  the  presence  of 
two  large  ballast  structures  that  bridged  the  payload  bay  at,  or  near, 

Stations  Nos.  950  (Bay  7)  and  1180  (Bay  11),  as  indicated  in  Figure  51.  These 
structures  undoubtedly  alter  the  fundamental  sidewall  normal  modes  of  the 
orbiter  and,  hence,  influence  the  inertance  of  the  sidewall  structure  at  the 
lower  frequencies  (at  least  below  10  Hz). 

5.1.2  APC  Configuration 

All  sidewall  mounted  payloads  on  Space  Shuttle  are  carried  on  an  Adaptive 
Payload  Carrier  (APC)  or  an  Increased  Capability  Adaptive  Payload  Carrier 
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(ICAPC).  An  APC  is  illustrated  in  Figure  46.  These  APC  can  be  mounted  at  46 
locations  on  the  orbiter  structure  through  three  points,  as  follows: 

(a)  To  the  z  -  410  longeron  through  an  upper  fitting  on  top  of  the  APC  that 

provides  a  positive  fit  along  the  x-axis,  a  loose  fit  along  the  z-axis, 

and  a  25-mil  gap  fit  along  the  y-axis. 

(b)  To  a  main  frame  through  an  end  fitting  on  the  side  of  the  APC  that 

provides  a  positive  fit  along  the  z-axis,  a  loose  fit  along  the  x-axis, 

and  a  25-mil  gap  fit  along  the  y-axis. 

(c)  To  a  stub  frame  through  a  hole  in  the  APC  that  appears  to  provide  a 

semi - pos i tive  fit  along  the  x-  and  z-axes,  and  a  25-mil  gap  fit  along 

the  y-axis. 

It  is  clearly  these  mounting  locations  that  are  of  interest  in  the  measurement 
of  inertance  functions  of  the  orbiter  structure. 

5.1.3  Measurement  Locations 

Inertance  measurements  were  made  at,  or  near  to,  the  attachment  points  for  the 
APC  (or  ICAPC)  illustrated  in  Figure  46.  A  total  of  45  inertance  measurements 
were  made  at  these  points  in  four  sidewall  bays  on  the  starboard  side  of  OV- 
101,  namely,  in  Bays  2,  4,  9,  and  12  (Figure  51).  These  sidewall  bays  were 
selected  to  provide  a  representative  sample  of  mounting  locations  from  the 
front  to  the  rear  of  the  cargo  bay,  while  being  at  least  one  sidewall  bay  away 
from  the  two  bridge  structures  in  Bays  7  and  11.  The  measurement  locations 
are  identified  in  Figure  52,  and  are  summarized  in  Table  10.  It  should  be 
noted  that  inertance  measurements  along  the  y-axis  (normal  to  the  sidewall 
structure)  could  be  made  at  the  actual  APC  attachment  point  locations  of 
interest.  However,  this  could  not  be  done  for  the  measurements  along  the  x 
(longitudinal)  and  z  (vertical)  axes,  which  are  in  the  plane  of  the  sidewall. 
Hence,  the  z-axis  measurements  were  made  on  top  of  the  z  ■=  410  longeron  (the 
rail  at  the  top  of  the  sidewall  frames)  directly  over  the  desired  measurement 
location.  This  produced  repeated  z-axis  measurements  at  similar  locations  in 
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Table  10.  Listing  of  Locations  for  Inertance  Measurements  on  OV-101 
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Location 

Orbiter 

1  Bay 

1 

Location 

Orbiter 

1  Bay 

| Location 

Orbiter 

No . 

See  Fig46 
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|  No 
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some  cases.  The  x-axis  measurements  were  made  on  the  web  of  the  frame  behind 
the  desired  measurement  location. 

The  direction  of  the  impacts  relative  to  the  orientation  of  the  accelerometers 
in  inertance  measurements  is  of  particular  importance  because  it  can  produce  a 
180  degree  phase  shift  in  the  desired  results.  For  these  experiments,  the 
impact  force  was  always  applied  along  the  axis  from  the  top  to  the  bottom  of 
the  accelerometer,  which  makes  a  positive  force  correspond  to  a  negative 
acceleration  (force  is  positive  when  the  hammer  applies  a  load,  and 
acceleration  is  positive  when  the  bottom  of  the  accelerometer  moves  upward) . 
Hence,  all  measurements  produced  by  the  experiments  are  180  degrees  out  of 
phase  with  the  desired  results.  This  180  degree  phase  correction  was  made  to 
all  measurements  during  the  evaluation  of  the  data. 

During  the  course  of  the  experiments,  an  additional  21  measurements  were  made 
on  a  sidewall  panel  installed  in  Bay  9,  which  was  mistakenly  believed  to  be  an 
APC.  However,  it  was  later  determined  that  the  panel  was  a  bridge  beam,  not 
an  APC  and  was  not  representative  of  a  payload  sidewall -mounting  structure. 
Hence,  these  measurements  were  not  employed  for  the  data  evaluations. 
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5.1.4  Measurement  and  Analysis  Procedures 

The  inertance  measurements  were  made  using  a  PCB  Model  SP205  impulse  hammer 
with  a  Model  086B20  force  gage,  and  Endevco  Model  7251-100  accelerometers.  A 
total  of  ten  impacts  were  used  to  determine  the  inertance  at  each  measurement 
location,  so  that  a  coherence  function  could  be  computed  to  assess  the  quality 
of  the  resulting  inertance  calculation.  The  inertance  was  computed  using  a 
GenRad  Model  2515  multi-channel  analyzer  with  an  SDRC  Modal  Plus,  Version  9.0, 
analysis  program.  The  actual  computation  was 

1(f)  -  GFA(f)/GFF(f)  (44) 


where 

GFA(f)  “  cross  -  spectral  density  function  between  force  in  lb  and 
acceleration  in  gravity  units  (g) . 

GFF(f)  “  autospectral  density  function  of  force  in  lb. 

The  coherence  function  for  each  measurement  was  computed  by 

Coh(f)  -  ! GpA( f ) | 2  /  [GFF(f)GAA(f)]  (45) 

where 

GAA<f>  ”  autospectral  density  function  of  acceleration  in  gravity  units 

and  all  other  terms  are  as  defined  in  Equation  (44)  .  All  spectral  quantities 
were  computed  over  the  frequency  range  from  3  to  255  Hz  with  a  frequency 
resolution  of  B  -  0.5  Hz  using  n^  -  10  averages  of  statistically  independent 
samples.  The  time  history  records  were  tapered  with  an  exponential  weight 
prior  to  the  Fourier  transform  calculations  to  suppress  side-lobe  leakage  in 
the  results. 

The  final  inertance  data  were  transferred  to  IBM-compatible  digital  disks  for 
subsequent  detailed  evaluations.  The  evaluations  were  accomplished  by  Astron 
personnel  using  an  IBM-AT-compatible  personal  computer  with  special  data 
analysis  software. 
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5 . 2  Data  Evaluations 


The  45  inertance  measurements  were  stored  for  evaluation  on  digital  disks  in 
terms  of  real  and  imaginary  components,  as  well  as  magnitude  and  phase.  The 
inertance  data  and  coherence  results  were  also  provided  in  the  form  of  plots 
produced  at  GSFC.  These  plots  are  presented  in  Appendix  B  for  all 
measurements.  Note  that  the  phase  functions  for  the  inertance  data  in 
Appendix  B  have  been  corrected  for  the  180  degree  phase  shift  discussed  in 
Section  5.1.3. 

5.2.1  Data  Quality 

The  digital  data  were  plotted  and  visually  inspected  for  obvious  errors  and 
wild  points.  A  few  wild  points  were  detected  in  the  inertance  data,  and  were 
corrected  by  removing  the  wild  value  and  replacing  it  with  a  value  that 
represented  a  linear  interpolation  between  the  values  that  preceded  and 
followed  it.  There  were  also  a  few  cases  where  the  values  of  both  the  real 
and  imaginary  parts  of  the  data  were  zero.  Since  this  would  prevent  the 
inversion  of  the  inertance  data  to  apparent  weight  functions,  these  zeros  were 
replaced  by  interpolated  values,  as  described  above. 

The  primary  assessment  of  the  data  quality  was  based  upon  the  coherence 
function  calculated  for  each  measurement,  as  detailed  in  Appendix  B.  It  is 
seen  from  Appendix  B  that  the  best  coherence  is  generally  associated  with  the 
y-axis  measurements.  Specifically,  with  only  a  few  exceptions,  the  coherence 
for  the  y-axis  measurements  is  greater  than  0.9  at  all  frequencies  between  10 
and  200  Hz.  The  same  is  true  of  many  of  the  x-axis  measurements,  although  a 
number  of  the  x-axis  coherence  values  are  poor  below  about  50  Hz,  particularly 
at  Location  3.  The  z-axis  coherence  values  are  generally  in  excess  of  0.9  at 
frequencies  above  20  Hz. 

In  a  single- input ,  multiple -output  system  there  will  be  high  coherence  between 
the  input  and  each  output,  and  between  the  outputs  as  long  as  the  system  is 
linear  and  there  is  high  signal-to-noise  in  the  measurement  signals. 

Departure  from  these  ideal  conditions  leads  to  a  subsequent  reduction  in 
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coherence.  If  the  instrumentation  and  data  analysis  systems  have  been 
properly  calibrated,  and  the  coherency  of  the  measured  signals  is  high,  it 
follows  then  that  the  results  are  accurate  and  provide  a  true  representation 
of  the  system.  It  may  be  argued  that  the  exciting  force  of  the  small  impact 
hammer  was  too  low,  and  did  not  cause  the  structure  to  vibrate  at  levels 
typical  of  service  use.  Driving  the  structure  more  strongly  with  a  larger 
hammer  would  not  increase  the  signal- to-noise  ratio  appreciably,  for  it  is 
quite  high  already.  If  anything,  it  could  lead  to  rattle  and  other 
manifestations  of  non-linear  behavior.  While  such  conditions  may  exist  in  the 
actual  service  environment,  their  influence  is  not  considered  in  the  present 
work  phase,  and  will  be  postponed  until  a  later  phase.  The  objective  of  the 
first  phase  is  to  study  and  understand  the  linear  situation.  Therefore,  for 
the  present  work  objectives,  it  is  concluded  that  the  quality  of  the  inert ance 
data  is  adequate  over  the  following  frequency  ranges: 

x-axis  -  50  to  200  Hz;  y-axis  -  10  to  200  Hz;  z-axis  -  20  to  200  Hz 

Below  the  noted  lower  frequencies,  the  accuracy  of  the  measurements  is 
questionable,  but  the  data  are  not  necessarily  bad.  Specifically,  the  poor 
coherence  values  at  the  lower  frequencies  are  probably  indicative  of  poor 
signal-to-noise  ratios  in  the  measurements,  primarily  in  the  acceleration 
measurements,  as  discussed  in  Section  5.1.3.  The  resulting  inertance 
estimates  may  involve  substantial  random  errors  (which  may  be  suppressed  by 
averaging  operations),  but  they  should  be  unbiased.  Hence,  all  the  data 
measured  along  each  of  the  three  axes  are  used  for  later  evaluations  over  the 
frequency  range  from  10  to  200  Hz . 

There  is  one  other  uncertainty  associated  with  the  inertance  daca  that  should 
be  mentioned.  Specifically,  it  is  not  certain  that  the  x-axis  measurements, 
which  were  made  on  the  frame  webs,  are  fully  representative  of  the  actual 
inertance  of  the  frame  structures  at  the  APC  mounting  points  on  the  frame 
flanges.  However,  the  form  and  magnitude  of  the  resulting  inertance  values 
appear  reasonable,  so  they  are  accepted  as  being  representative. 

This  discussion  regarding  the  quality  of  the  impedance  data  should  be  placed 
in  perspective  with  regard  to  the  current  objective  of  developing  test 
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procedures  for  payloads  mounted  on  the  orbiter  sidewall.  Firstly,  the 
frequency  range  of  interest  for  the  payload  test  procedures  is  20-200  Hz. 

This  frequency  range  is  certainly  covered  by  the  measurements  for  the  y-  and 
z-directions .  Secondly,  the  measured  values  of  sidewall  impedance  or  apparent 
weight  in  the  y-direction  are  in  good  agreement  with  predicted  values  [11]  in 
the  frequency  range  above  about  20  Hz.  (At  lower  frequencies,  the  accuracy  of 
the  predicted  values  is  open  to  question  because  of  the  assumed  boundary 
conditions  for  the  sidewall.)  Thus,  the  OV-101  impedance  data  are  considered 
adequate  for  application  to  payload  vibration  test  procedures. 

5.2.2  Data  Groupings 

The  inertance  data  measured  along  each  of  the  three  axes  of  the  orbiter  were 
inverted  to  obtain  apparent  weight  functions,  which  in  turn  were  inspected  for 
variations  among  the  different  measurement  locations.  It  was  found  that  the 
measurements  were  similar  from  the  front  to  the  rear  of  the  orbiter  vehicle, 
and  could  be  pooled  as  detailed  in  Table  11. 

It  is  noted  in  Table  11  that  Location  5  is  omitted  form  the  data  pools  for  the 
x  and  z  axes  because  it  is  believed  the  stub  frame  fitting  will  not  carry  a 
significant  load  along  these  axes.  On  the  other  hand,  locations  2,  3,  7,  and 
8  are  used  in  the  x-axis  data  pool,  even  though  the  main  frame  APC  fitting 
does  not  carry  the  primary  load  along  the  x-axis;  Location  4  is  the  primary 


Table  11.  Pooled  Apparent  Weight  Measurements  Along  Each  Axis 


x  Axis 

1 

y  Axis  | 

z  Axis 

Bay 

|  Location 
|  (see  Fig  52) 

1  Bay 

|  Location  | 

| (see  Fig  52) j 

Bay 

|  Location 
|  (see  Fig  52) 

2 

1  2, 3, 7, 8 

1  2 

1  2,3,4,5,7,8| 

2 

I  2, 3, 4, 7, 8 

4 

1  2, 3, 7, 8 

1  u 

!  2,3,4,5,7,81 

4 

1  2, 3, 4, 7, 8 

9 

1  2,8 

1  9 

I  1 

1  2,8  | 

9 

1  2,8 

12 

1  12 

I  1 

1  1.2  | 

12 

1  1.2 
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load  carrying  poinc  in  chis  direction.  However,  there  was  no  choice  here 
since  it  was  not  possible  to  measure  an  apparent  weight  along  the  x-axis  at 
Location  4  (or  any  ocher  location  on  the  z  -  410  longeron) . 

Plots  of  the  apparent  weights  for  the  individual  measurements  in  each  data 
pool  along  each  of  the  three  axes,  with  the  180  degree  phase  correction 
discussed  in  Section  5.1.2,  are  presented  in  Section  B.2  of  Appendix  B.  It  is 
noted  that  the  measurements  in  each  data  pool  are  reasonably  similar  over  the 

frequency  range  from  10  to  200  Hz,  and  hence,  constitute  a  reliable  basis  for 
calculating  representative  apparent  weight  values  along  each  axis  in  this 
frequency  range.  However,  it  must  be  remembered  that  the  x-axis  results  are 
open  to  question  because  the  apparent  weights  were  measured  on  structure  that 
is  not  fully  representative  of  the  actual  structure  that  bears  the  loads  in 
the  x-direction. 

5.2.3  Summary  of  Apparent  Weight  Data 

The  orbiter  apparent  weight  data  are  summarized  in  Figures  53  through  55  over 
the  frequency  range  from  10  to  200  Hz.  The  magnitude  results  are  presented  as 
an  average  magnitude,  and  the  average  plus  2.5  standard  deviations.  For  the 
sample  sizes  involved  in  each  group  (11  to  16  measurements),  the  average  plus 
2.5  standard  deviations  constitutes  a  95%  upper  normal  tolerance  limit  for  the 
data  with  about  95%  confidence  [19];  i.e.,  if  measurements  were  made  at  other 
similar  locations,  at  least  95%  of  them  would  fall  below  the  stated  limit. 

The  phase  data  in  Figures  53  through  55  are  presented  in  terms  of  an  average 
phase  computed  as  follows.  In  each  group,  the  average  values  of  the  real  and 
imaginary  components  of  the  apparent  weights  were  computed  separately.  The 
average  phase  was  then  calculated  from  the  arctangent  of  the  average  of  the 
imaginary  components  divided  by  the  average  of  the  real  components. 
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5.2.4  Evaluation  of  Apparent  Weight  Data 

For  a  simple  (single  degree-of- freedom)  mechanical  system,  the  apparent  weight 
of  the  system,  as  seen  by  a  load  on  the  mass,  and  assuming  viscous  damping 
with  lead  angles  positive,  is  given  by  [20] 

W(f)  =  -k  [1  -  (f/fn)2  +  j2ff/fn]  /  ( 2 7t f ) 2  (46) 

where  fn  is  the  undamped  natural  frequency,  k  is  the  spring  constant,  and  f  is 
the  damping  ratio  of  the  system.  Consider  three  frequency  regions,  namely, 

(a)  f  <  f  (the  stiffness  controlled  region) , 

(b)  f  =  f  (the  damping  controlled  region),  and 

(c)  f  t>  f  (the  mass  controlled) 

From  Equation  (46)  ,  the  response  in  these  three  regions  can  be  approximated  by 

(a)  W(f)  »  -k/(2*f)2  (b)  W(f)  =  -j2mffn/f  (c)  W(f)  =  m  (47) 

where  m  is  the  mass  and  all  other  terms  are  as  defined  in  Equation  (46)  .  It 
follows  that,  for  a  single  degree  -  of - freedom  system,  the  apparent  weight  (a) 
in  the  stiffness  controlled  region  is  inversely  proportional  to  the  square  of 
frequency,  and  has  a  phase  of  -180  degrees,  (b)  in  the  damping  controlled 
region  is  inversely  proportional  to  the  first  power  of  frequency,  and  has  a 
phase  of  -90  degrees,  and  (c)  in  the  mass  controlled  region  is  independent  of 
frequency  and  has  a  phase  of  zero  degrees. 

For  a  complex,  multimodal  structure  like  the  Space  Shuttle  orbiter,  a 
stiffness-controlled  response  would  be  expected  below  the  first  dominant 
normal  mode  of  the  structure  in  question,  while  a  damping-controlled  response 
would  be  expected  near  the  resonance  frequencies.  At  the  higher  frequencies 
where  the  modal  density  of  the  structure  is  high,  all  frequencies  would  be 
close  to  a  resonance  frequency,  meaning  a  damping-controlled  response  would  be 
expected  at  all  frequencies  (assuming  the  structural  response  is  resonance 
dominated).  However,  since  f  in  Eq .  47(b)  increases  with  f,  the  apparent 
weight  in  the  damping  controlled  region  for  a  complex  structure  will  not 
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change  with  increasing  frequency,  unless  damping  changes.  In  prior  analytical 
studies  of  the  Space  Shuttle  orbiter  structure  [16],  it  was  determined  that  a 
damping  ratio  that  was  inversely  proportional  to  frequency  provided  good 
agreement  with  measured  data.  Such  an  assumption  here  would  mean  that  the 
apparent  weight  in  the  damping  controlled  region  would  be  inversely 
proportional  to  the  first  power  of  frequency.  As  long  as  the  response  of  a 
complex  structure  is  resonance  dominated,  a  mass-controlled  frequency  region 
will  never  be  reached. 

Based  upon  the  above  relationships,  consider  the  data  in  Figures  53  through 
55.  Referring  first  to  Figure  53,  it  is  clear  the  average  apparent  weight 
along  the  x-axis  is  stiffness  -  controlled  below  about  200  Hz.  This  is 
consistent  with  expectations,  since  these  x  measurements  were  made  on  the  web 
of  the  frames,  which  should  constitute  essentially  stiffness  elements  in  this 
frequency  range.  Now  referring  to  Figure  54,  the  apparent  weight  along  the  y- 
axis  appears  to  go  from  stiffness-controlled  at  the  low  frequencies  to 
damping-controlled  above  about  40  Hz.  The  magnitude  of  the  apparent  weight  in 
the  damping-controlled  region  above  40  Hz  suggests  that  the  damping  ratio 
varies  approximately  with  the  inverse  of  frequency,  as  assumed  in  [16], 

Again,  this  is  consistent  with  expectations,  since  the  modal  density  in  the  y- 
direction  above  40  Hz  is  high.  Finally,  referring  to  Figure  55,  it  appears 
that  the  apparent  weight  along  the  z-axis  falls  between  the  results  expected 
for  stiffness  and  damping  control,  which  is  a  believable  result  for  this  axis. 
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APPARENT  WEIGHT  PHASE.  (0«flr**«)  £  APPARENT  WEIGHT  MAGNITUDE.  (lb/g) 


X— DIRECTION.  BAYS  2  it  4,Loc  2.37,8.  BAY  9,U>c  2,8.  BAY  12, Lot  2. 


X— DIRECTION.  BAYS  2  *  4>Loc  2.37,8.  BAY  9,Loc  8.  BAY  12.Loc  2. 


FREQUENCY.  Hr 
□  Acra^s 

FIGURE  53.  AVERAGE  APPARENT  WEIGHT  OF  0V- 101  PAYLOAD  MOUNTING 
POINTS  -  X  AXIS. 
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APPARENT  WEIGHT  PHASE,  (Oagroaa)  ^  APPARENT  WEIGHT  MAGNITUDE,  (lb/g) 


Y— DIRECTION.  BAYS  2  *  4,Lxjc  2I3,415.7.8.  BAY  9,Loc  2.8.  BAY  12,Loc  1.2. 


FREQUENCY.  Hz 
□  Aworoge 


FIGURE  54.  AVERAGE  APPARENT  WEIGHT  OF  0V-101 
POINTS  -  V  AXIS. 


PAYLOAD  MOUNTING 
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APPARENT  WEIGHT  PHASE.  (Dagroaa)  5  APPARENT  WEIGHT  MAGNITUDE,  <lb/g) 


FREQUENCY,  Hi 
□  Awe rage 

FIGURE  55.  AVERAGE  APPARENT  WEIGHT  OF  0V-101  PAYLOAD  MOUNTING 
POINTS  -  Z  AXIS. 


6.  ACOUSTIC  TESTS  OF  SIMULATED  PAYLOAD 


To  validate  physically  the  testing  procedures  formulated  in  Section  2, 
simulated  (generic)  payload  and  mounting  structures  were  designed  and 
fabricated  for  vibroacoustic  testing.  The  design  of  the  payload-mounting 
structure  hardware  and  the  acoustic  rests  performed  on  the  hardware  are 
discussed  in  this  section.  The  vibration  tests  performed  on  the  simulated 
payload  are  covered  in  Section  7. 

6 . 1  Test  Hardware 

For  the  acoustic  tests,  the  design  of  the  panel  structure  to  support  the 
payload  was  driven  by  the  following  desired  characteristics . 

(a)  A  panel  with  overall  dimensions  of  36"  x  48",  to  fit  the  available 
opening  in  the  wall  of  the  Johnson  Space  Center  Acoustic  Fatigue 
Laboratory  reverberation  chamber,  where  the  acoustic  tests  were  to  be 
performed. 

(b)  A  panel  design  that  could  be  fabricated  from  readily  available  materials 
to  limit  costs  and  procurement  times. 

(c)  A  panel  with  a  first  normal  mode  frequency  above  60  Hz,  to  reduce  the 
difficulty  in  generating  adenuate  acoustic  inputs  at  the  first  normal 
mode . 

With  these  considerations  in  mind,  the  ribbed  panel  structure  shown  in  Figure 
56  was  designed  and  fabricated.  The  dimensions  of  this  panel  were  such  that 
it  would  fit  into  a  window  of  the  reverberation  chamber  at  the  NASA  Johnson 
Space  Center  Acoustic  Fatigue  Laboratory.  All  materials  were  of  standard 
size,  and  a  6061  aluminum  alloy  was  used  to  facilitate  welding,  where 
required.  The  first  normal  mode  of  the  panel,  assuming  built  in  edges,  was 
about  74  Hz.  To  add  some  energy  loss  to  the  panel,  two  layers  of  Soundcoat 
GP-2  were  attached  to  the  ribbed  side  of  the  panel. 
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0.1"  (10  gage)  AL  6061  or  63  sheet. 


Construction:  flush  1/8"  rivets  on  1"  centers,  except  for  welds  on  angle  junctions 


FIGURE  56.  PAYLOAD  MOUNTING  PANEL  DESIGN  FOR  ACOUSTIC 
TESTS. 
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It  is  seen  from  Figure  56  Chat  the  panel  has  two  sets  of  payload  attachment 
points  that  allow  two  different  payload  positions  on  the  panel,  as  follows: 

Payload  Position  1  -  Locations  1  through  4  in  the  center  of  the  panel, 

referred  to  hereafter  as  the  middle  bay  position. 

Payload  Position  2  -  Locations  5  through  8  in  the  first  bay  above  the  center 

bay,  referred  to  hereafter  as  the  upper  bay  position. 

The  considerations  involved  in  the  design  of  the  payload  for  the  acoustic 
tests  were: 

(a)  The  payload  should  have  several  normal  modes  (at  least  three)  with  high 
modal  mass. 

(b)  The  first  normal  mode  frequency  of  the  payload  should  be  near  the  first 
normal  mode  frequency  of  the  unloaded  panel,  to  assure  a  strong 
influence  of  the  payload  on  the  panel  response. 

(c)  The  highest  significant  normal  mode  of  the  payload  should  be  below  500 
Hz,  because  of  the  difficulties  associated  with  shaker  tests  above  this 
frequency . 

(d)  The  payload  should  be  sufficiently  small  in  size  and  weight  to 
facilitate  easy  handling. 

With  the  above  considerations  in  mind,  the  payload  shown  in  Figure  57  was 
designed  and  fabricated.  The  payload  consisted  essentially  of  a  rigid  frame 
with  three  resonant  elements,  each  formed  by  a  1/4" -thick  beam  with  fixed  ends 
and  masses  (two  steel  blocks)  mounted  midspan.  One  block  was  mounted  above 
the  beam  and  the  other  below.  The  total  weight  of  the  blocks  on  the  three 
beams  were  9  lb,  3  lb,  and  1.3  lb;  the  total  weight  of  the  simulated  payload 
was  21.5  lbs. 

For  the  acoustic  tests,  the  payload  resonant  elements  were  positioned  to 
provide  the  following  two  payload  configurations: 


124 


0.257"  (F)  through  hole 

(4  places  on  corners) 


0.257"  (F)  through  hole 

(4  places  on  corners) 


Payload  Configuration  1  -  The  heaviest  weight  was  mounted  on  the  center 

beam,  as  shown  in  Figure  57a. 

Payload  Configuration  2  -  The  positions  of  the  two  weights  on  the  left  side  of 

the  payload  were  switched,  as  shown  in  Figure  57b. 

6 . 2  Test  Facility  and  Configurations 

The  acoustic  tests  were  performed  at  the  NASA  Johnson  Space  Center  (JSC)  in 
Houston,  TX,  using  the  JSC  Sonic  Fatigue  Laboratory  reverberation  chamber. 

This  chamber  is  about  40  ft  x  16  ft  x  19  ft,  giving  a  total  volume  of 
approximately  12,000  ft  .  The  test  panel  was  installed  in  a  3  ft  x  4  ft 
window  in  the  side  of  the  reverberation  chamber  about  half  way  between  the 
floor  and  the  ceiling.  The  chamber  window  faces  into  a  receiving  room,  and 
has  a  3 -inch  flange  around  the  perimeter  with  18  bolt  holes  to  attach  test 
items.  The  test  panel  was  firmly  bolted  into  this  window  with  the  ribbed  side 
facing  into  the  receiving  room  (the  opposite  side  facing  into  the 
reverberation  chamber),  as  shown  in  Figure  58.  The  simulated  payload  was 
attached  to  the  ribbed  side  of  the  panel,  as  shown  for  Payload  configuration  1 
in  Position  2  (upper  bay  location)  in  Figure  58a.  The  opposite  side  of  the 
panel  was  essentially  flush  with  the  inside  wall  of  the  reverberation  chamber, 
as  shown  in  Figure  58b. 


The  acoustic  tests  were  performed  with  four  separate  panel -payload  test 
configurations : 


Test  Configuration  0 
Test  Configuration  1 

Test  Configuration  2 

Test  Configuration  3 


Bare  panel  with  no  payload. 

Payload  configuration  1  (heaviest  weight  in  the  middle) 
attached  to  the  panel  in  Position  1  (middle  bay) . 
Payload  configuration  1  (heaviest  weight  in  the  middle) 
attached  to  the  panel  in  Position  2  (upper  bay) . 

Payload  configuration  2  (heaviest  weight  on  one  side) 
attached  to  the  panel  in  Position  1  (middle  bay) . 
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FIGURE  58.  TEST  PANEL  INSTALLATION  IN  JSC  REVERBERATION  CHAMBER 


6 . 3  Panel  Inertance  Measurements 


Before  the  acoustic  tests,  the  mechanical  inertance  (acceleration/force )  of 
the  test  panel,  as  installed  in  the  reverberation  chamber  window,  was  measured 
at  all  eight  payload  mounting  points.  Data  were  acquired  to  measure  both  the 
self-  and  cross  - inertances  for  each  set  of  four  payload  mounting  points  shown 
in  Figure  56.  However,  only  the  self - inertance  data  were  analyzed.  The 
inertance  measurements  were  made  using  a  Wilcoxon  Research  F-4  Driver  with  a 
piezoelectric  force  transducer  (229  pF/lb) ,  and  four  Endevco  Model  2220 
accelerometers  with  Endevco  Model  2713  charge  amplifiers.  The  accelerometers 
were  calibrated  prior  to  the  inertance  measurements  using  a  GenRad  Model  1557A 
acceleration  calibrator.  All  data  were  recorded  on  a  TEAC  Model  XR-510,  14 
channel  FM  tape  recorder.  The  measurement  procedure  was  as  follows: 

1.  The  Wilcoxon  driver  was  attached  to  the  bare  test  pa~^l  at  Location  1 
for  payload  Position  1. 

2.  Four  accelerometers  were  attached  to  the  bare  test  panel  at  each  of  the 
four  payload  mounting  points  for  payload  Position  1  (locations  1  through 
4  in  Figure  56) . 

3.  Broadband  random  excitation  was  applied  from  the  Wilcoxon  driver  over 
the  frequency  range  from  20  to  1000  Hz,  and  the  output  signals  from  the 
four  accelerometers,  as  well  as  the  driver  force  signal,  were  recorded 
for  about  3  minutes. 

4.  Steps  1  through  3  were  repeated  with  the  Wilcoxon  driver  attached  to 
each  of  the  remaining  payload  mounting  points  for  payload  Position  1 
(locations  2  through  4  in  Figure  56). 

5.  Steps  1  through  4  were  repeated  with  the  Wilcoxon  driver  and  the 
accelerometers  attached  at  the  payload  mounting  points  for  payload 
Position  2  (upper  bay  locations  5  through  8  in  Figure  56) . 

The  self - inertance  functions  were  computed  by  calculating  the  frequency 
response  function  between  the  force  and  acceleration  measured  at  each  of  the 
four  mounting  points  for  each  of  the  two  payload  locations  on  the  panel.  To 
assess  the  accuracy  and  linearity  of  the  inertance  measurements,  the  coherence 
function  for  each  inertance  measurement  was  also  calculated.  These  frequency 
response  and  coherence  functions  were  computed  using  a  Hewlett-Packard  Model 
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3562A  signal  analyzer  over  the  frequency  range  from  10  to  800  Hz  with  a 
frequency  resolution  of  B=1  Hz  and  nd=10  statistically  independent  averages. 

After  the  acoustic  tests,  the  self - inertance  measurements  were  repeated  at  the 
payload  mounting  points  for  payload  Position  1  only.  This  was  done  to  confirm 
that  the  test  panel  inertance  had  not  changed  during  the  acoustic  tests  due  im¬ 
panel  damage  or  other  factors. 

The  results  of  the  self - inertance  calculations  are  presented  in  Appendix  C, 
Figures  C-l  through  C-7.  Referring  first  to  the  coherence  data  in  Figures  C-l 
through  C-3,  it  is  seen  that  the  coherence  values  between  the  force  and 
acceleration  for  the  inertance  measurements  are  generally  near  unity  for 
frequencies  above  30  Hz  (except  for  a  few  notches  at  the  frequencies  of  panel 
resonances,  and  at  multiples  of  60  Hz  which  are  particularly  strong  in  the 
upper  bay  data).  Below  30  Hz,  the  coherence  values  fall  rapidly  to  near  zero 
below  10  Hz.  This  is  due  to  the  fact  that  the  Wilcoxon  driver  could  not 
deliver  a  sufficient  force  at  these  low  frequencies  to  provide  measurements 
with  an  acceptable  signal- to-noise  ratio.  It  follows  that  the  inertance  data 
can  be  considered  reliable  at  frequencies  above  30  Hz. 

Now  referring  to  the  individual  inertance  measurements  in  Figure  C-4  through 
C-6,  it  is  seen  that  the  inertance  magnitude  and  phase  for  the  four  mounting 
points  in  the  middle  bay  of  the  panel  (Figures  C-4  and  C-5)  are  similar  at 
frequencies  between  30  and  100  Hz.  Above  100  Hz,  there  are  some  differences, 
suggesting  the  panel,  as  installed  in  the  reverberation  chamber  window,  was 
not  totally  symmetric.  However,  the  differences  are  not  sufficient  to  warrant 
concern.  The  individual  inertance  values  for  the  four  mounting  points  in  the 
upper  bay  (Figure  C-6)  show  somewhat  more  variation  from  point  to  point,  as 
would  be  expected  since  the  upper  bay  locations  are  asymmetric  about  the 
horizontal  axis.  Also  shown  in  Figures  C-4  through  C-6  are  the  net  inertance 
values  for  each  payload  mounting  location,  computed  from 

In(f)  -  [  1/I1(f)  +  1/I2(f)  +  1/I3(f)  +  1714(f)]'1  (48) 
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where  In(f)  is  the  net  inertance  and  I^(f);  i-1,2,3,4,  are  the  measured 
inertances  at  the  four  payload  mounting  points.  Eq .  48  assumes  the  inertances 
are  in  parallel  and  independent,  as  discussed  in  Section  7.4. 

Finally,  referring  to  the  net  inertance  function  in  Figure  C-7  for  the  middle 
bay,  it  is  seen  that  the  inertance  magnitude  values  measured  before  and  after 
the  acoustic  tests  are  nearly  identical.  The  phase  values  are  also  similar  up 
to  about  400  Hz.  These  results  confirm  that  there  was  no  major  change  in  the 
dynamic  properties  of  the  test  panel  during  the  course  of  the  acoustic  tests. 
Hence,  the  results  of  the  pre-  and  post- test  inertance  measurements  in  the 
middle  bay  are  averaged  for  later  applications. 

In  summary,  the  results  of  the  bare  panel  inertance  measurements  are  as  shown 
in  Figure  59.  There  are  some  differences  in  the  inertance  values  between  the 
middle  and  upper  bay  payload  locations,  but  the  data  at  both  locations  behave 
as  would  be  expected.  Specifically,  below  the  first  normal  mode  of  the  panel 
at  74  Hz,  the  inertance  magnitude  increases  at  10  dB/octave,  and  the  phase  is 
180  degrees,  exactly  as  should  occur  for  the  source  inertance  of  a  stiffness- 
controlled  structure  [9],  The  magnitude  data  then  reveal  a  peak,  and  the 
phase  data  make  a  180  degree  change,  at  the  first  normal  mode  of  the  panel  at 
74  Hz.  At  the  higher  frequencies  where  the  modal  density  of  the  panel  is 
high,  the  average  phase  approaches  90  degrees,  as  would  be  expected  for  a 
damping-controlled  structural  response. 

6 . 4  Acoustic  Test  Levels 

The  acoustic  tests  were  performed  at  two  levels,  about  135  dB  and  147  dB.  The 
1/3  octave  band  spectrum,  relative  to  the  overall,  for  the  tests  at  the  two 
levels,  is  given  in  Table  12.  The  lower  test  level  was  dictated  by  the  lowest 
level  at  which  the  JSC  Sonic  Fatigue  Laboratory  reverberation  chamber  could  be 
operated  with  acceptable  control  over  the  air  modulators  providing  the 
acoustic  source.  The  upper  level  was  believed  to  be  as  high  as  could  be 
safely  tolerated  by  the  test  panel  and  simulated  payload.  The  1/3  octave  band 
spectrum  in  Table  12  was  selected  to  approximate  the  spectrum  of  the  acoustic 
noise  measured  on  the  exterior  of  the  payload  bay  doors  of  the  Space  Shuttle 
orbiter  vehicle  during  lift-off  [16], 
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Test  Panel  Inertances  at  Payload  Mounting  Points 


MiD3!_E  (Aver  sged  BEFORE  and  AT  PER)  i:  UPPER  BATS 


FIGURE  59.  SUMMARY  OF  INERTANCE  MEASUREMENTS  AT  PAYLOAD  MOUNTING 
LOCATIONS.  ACOUSTIC  PANEL. 


Table  12.  1/3  Octave  Band  Spectrum  for  Acoustic  Tests 


Center  SPL 

Frequency  re:OA 


Center  SPL 

Frequency  re:OA 


Center  SPL 
Frequency  re : OA 


(Hz) 

(dB) 

1 

(Hz) 

(dB) 

1 

(Hz) 

(dB) 

31.5 

-15 

1 

100 

-11 

1 

315 

-11 

40 

-13 

1 

1 

125 

-10 

1 

1 

400 

-12 

50 

-12 

1 

1 

160 

-10 

1 

1 

500 

-12 

63 

-12 

1 

I 

200 

-10 

1 

1 

630 

-13 

80 

-12 

1 

1 

250 

-11 

1 

1 

800 

-14 

A  total  of  eight  acoustic  tests  were  performed,  one  for  each  of  the  four  test 
configurations  defined  in  Section  6.2,  at  each  of  the  two  test  levels.  For 
each  acoustic  test,  the  sound  pressure  levels  inside  the  reverberation  chamber 
were  measured  with  four  Gulton  Model  10010052  microphones  mounted  about  2 
inches  from  the  test  panel  at  the  middle  of  each  panel  quadrant,  as  shown  in 
Figure  58b.  A  fifth  microphone  was  mounted  in  the  receiving  room  to  monitor 
the  difference  in  the  sound  pressure  levels  across  the  test  panel.  The  test 
sequence  and  the  average  of  the  four  overall  sound  pressure  level  measurements 
inside  the  reverberation  chamber  are  summarized  in  Table  13.  The  overall 
sound  pressure  levels  measured  in  the  receiving  room  were  generally  about  17 
dB  lower  than  in  the  reverberation  chamber.  The  autospectra  of  the  sound 
pressure  levels  measured  by  all  microphones  for  the  low  and  high  level  tests 


Table  13.  Test  Sequence  and  Average  Overall  Sound  Pressure  Level 


|  Test 
|  No. 

| Acoustic 
|  Level 

1 

1 

Test  Configuration 
(see  Section  6.2) 

|  Overall  Sound  | 

| Pressure  Level,  dB [ 

|  1 

|  Low 

1  0 

-  Bare  panel 

1 

134.3  | 

1  2 

|  Low 

|  1 

-  Payload  1  in  Position 

1  | 

135.9  | 

1  3 

|  Low 

1  2 

-  Payload  1  in  Position 

2  1 

133.9  | 

1  u 

|  Low 

1  3 

-  Payload  2  in  Position 

1  | 

134.2  | 

|  5 

1  High 

1  3 

-  Payload  2  in  Position 

1  | 

146.7  | 

1  6 

1  High 

|  1 

-  Payload  1  in  Position 

1  | 

146.7  | 

|  7 

1  High 

I  2 

-  Payload  1  in  Position 

2  1 

146.7  | 

1  & 

1  High 

1  o 

-  Bare  panel 

1 

146.7  | 
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are  detailed  in  Appendix  C,  Figures  C-8  through  C-ll.  These  spectra  were 
computed  with  a  frequency  resolution  of  B=1  Hz  and  n^=100  statistically 
independent  averages.  The  measurements  shown  in  Figures  C-8  through  C-ll  were 
made  during  the  low  and  high  level  tests  of  Configuration  0  (the  bare  panel 
test),  but  are  typical  of  the  measurements  for  all  other  test  configurations. 

Referring  back  to  Table  13,  it  is  seen  that  the  overall  sound  pressure  levels 
for  the  high  level  tests  were  reproduced  for  each  test  configuration  with 
remarkable  accuracy  (to  within  0.1  dB) .  For  the  low  level  tests,  however,  the 
overall  levels  varied  by  up  to  2  dB  from  one  test  configuration  to  another, 
due  to  the  difficulty  in  controlling  such  levels  in  the  JSC  facility.  Hence, 
all  the  autospectra  for  the  acoustic  levels  measured  during  the  low  level 
tests,  and  the  spectra  of  the  resulting  vibration  levels  measured  on  the  test 
panel  and  simulated  payload,  were  linearly  scaled  to  a  common  overall  value  of 
134.7  dB  for  the  low  level  tests  (exactly  12  dB  lower  than  the  high  level 
tests) . 

6 . 5  Vibration  Measurements 

For  the  acoustic  test  of  the  bare  panel  (Test  Configuration  0) ,  vibration 
levels  were  measured  on  the  test  panel  at  the  eight  payload  attachment  points 
shown  in  Figure  56.  The  measurements  were  made  using  Endevco  Model  2222 
accelerometers  with  Kistler  Model  508  charge  amplifiers,  supplied  by  JSC.  For 
the  acoustic  tests  of  the  three  panel-payload  configurations  (Test 
Configurations  1  through  3),  vibration  levels  were  measured  on  the  payload  at 
each  of  the  four  attachment  points  to  the  panel,  and  on  each  of  the  three 
weights  forming  the  resonant  elements  of  the  payload,  as  detailed  in  Table  14. 
The  measurements  were  made  using  Endevco  Model  2220  accelerometers,  supplied 
by  Astron,  with  Kistler  Model  508  charge  amplifiers,  supplied  by  JSC.  All 
accelerometers  were  calibrated  prior  to  the  acoustic  tests  using  a  GenRad 
Model  1557A  accelerometer  calibrator.  All  data  were  recorded  on  a  TEAC  Model 
XR-510  14  channel  FM  tape  recorder. 
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Table  14.  Payload  Accelerometer  Locations  for  Acoustic  Tests 


Designation  |  Locations  on  Payload  (see  Figure  57) 


1  |  On  base  at  lower  left  mounting  point 

2  |  On  base  at  upper  left  mounting  point 

3  |  On  base  at  upper  right  mounting  point 

4  |  On  base  at  lower  right  mounting  point 

5  |  On  3  lb  resonant  weight 

6  |  On  9  lb  resonant  v eight 

7  |  On  1 . 3  lb  resonant  weight 


The  vibration  data  measured  during  each  of  the  eight  acoustic  tests  identified 
in  Section  6.4  were  reduced  to  autospectra  using  a  Hewlett-Packard  Model  3562A 
signal  analyzer  over  the  frequency  range  from  10  to  800  Hz  with  a  frequency 
resolution  of  B=1  Hz  and  n^=100  statistically  independent  averages.  The 
overall  values  of  the  vibration  levels  measured  at  all  locations  during  the 
eight  tests  are  summarized  in  Table  15.  Note  that  the  vibration  levels  for 
the  low  level  test  have  been  scaled  to  a  common  acoustic  input  level  of  134.7 
dB,  as  discussed  in  Section  6.4. 

It  is  seen  from  Table  15  that  the  panel  and  payload  vibration  levels  do  not 
increase  linearly  with  the  acoustic  input  level.  Specif ically ,  a  12  dB 
increase  in  the  acoustic  level  (a  factor  of  4.0)  caused  an  average  increase  in 


Table  15.  Overall  Panel  and  Payload  Vibration  Levels 


Overall  Vibration  Level,  grms  (db) 


Panel  or  | 
(Payload)  | 
Location  | 

Config  0 

Config 

i 

# 

1 

r.  < 

» 

Conf  i 

g  2 

|  Confi 

g  3 

134.7 

|  146.7 

134.7  | 

146 . 7 

134.7  | 

146.7 

1  134.7  | 

146.7 

1  (1)  | 

5.5 

|  15.4 

3.0  | 

7.9 

2.8  i 

7.8 

1  2.7  | 

6.7 

CM 

CM 

5.4 

|  14.7 

3.0  | 

7.6 

3.1  | 

9.2 

|  3.2  i 

oo 

oo 

3  (3)  | 

5.2 

j  13.9 

3.0  | 

7.3 

3.1  | 

8.9 

1  3.1  | 

7.8 

4  (4)  | 

5.0 

|  13.8 

3.0  | 

8.1 

2.7  | 

7.5 

1  2.8  | 

7.1 

5  (5)  | 

5.5 

|  14.9 

5.7  | 

15.6 

5.0  | 

16.5 

1  6.1  | 

16.7 

6  (6)  | 

5.1 

|  14.2 

3.4  | 

8.8 

3.2  | 

8.2 

1  3.4  | 

8.2 

7  (7)  | 

4.8 

|  13.4 

4.9  | 

13.3 

4.6  j 

14.1 

1  4.9  | 

12.6 

8  —  1 

5.0 

!  13.8 

-  -  -  1 

— 

-  -  -  1 

... 

1  ...  1 

_ 
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the  panel  and  payload  vibration  levels  of  only  8.6  dB  (a  factor  of  2.7).  From 
Figures  C-12  and  C-20,  it  is  seen  that  the  resonance  frequency  of  the  panel 
goes  down  slightly  with  the  increased  excitation  level.  This  nonlinearity  in 
the  panel  response  is  believed  to  be  due  to  the  Soundcoat  damping  material 
applied  to  the  panel,  as  described  in  Section  6.1.  This  nonlinearity  is 
significant  in  that  the  panel  inertance  measurements  in  Section  6.2  were  made 
with  lower  vibration  levels  than  those  which  occurred  during  the  acoustic 
tests.  Hence,  the  inertance  measurements  may  not  be  accurately  representative 
of  the  actual  panel  inertance  function  at  the  acoustic- induced  panel  vibration 
levels . 

Again  referring  to  Table  15,  although  the  panel  response  is  nonlinear,  the 
response  of  the  payload  elements  relative  to  the  base  vibration  is  quite 
linear.  This  is  illustrated  in  Table  16,  which  shows  the  ratio  of  the  overall 
vibration  level  of  each  payload  element  relative  to  the  average  base  vibration 
for  all  three  test  configurations,  at  both  acoustic  test  levels.  Note  that 
the  ratios  are  essentially  the  same  for  the  low  and  high  level  tests. 

The  autospectra  of  all  panel  and  payload  vibration  data  measured  during  the 
acoustic  tests  are  given  in  Appendix  C,  Figures  C-12  through  C-27.  The 
average  autospectra  of  the  measurements  at  the  middle  bay  mounting  points, 
with  and  without  the  payload  present  for  the  low  level  test,  are  reproduced  in 
Figure  60.  It  is  clear  from  these  results  that  the  attachment  of  the  payload 

Table  16.  Ratio  of  Payload  Element  to  Base  Vibration  Levels 


'est  Level  | 

1 

1 

Element 

|  Element/Average 

i  _ 

Base  Vibration  Level 

i 

|Config  1 

| Conf ig 

2  |Config  3 

Average 

Low 

1 

5 

l  1.9 

1  1-7 

1  2.1 

1.9 

Level 

1 

6 

1  12 

1  1-1 

1  1-2 

1.2 

(134.7 

dB)  | 

7 

1  1.6 

1  1-6 

1  1-7 

1.6 

High 

1 

5 

|  2.0 

|  2.0 

|  2.2 

2.1 

Level 

1 

6 

1  1.1 

1  1-0 

1  1-1 

1.1 

(146.7 

dB)  | 

7 

1  1-7 

I  1-7 

1  1-6 

1.7 
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FIGURE  60.  VIBRATION  RESPONSE  OF  ACOUSTIC  TEST  PANEL  AT  PAYLOAD  MOUNTING  POINTS 
WITH  AND  WITHOUT  PAYLOAD  ATTACHED. 


to  the  panel  dramatically  impacts  the  panel  vibration  levels.  Specifically, 
the  first  normal  mode  of  the  panel  at  74  Hz,  shifts  down  to  a  coupled  normal 
mode  with  the  payload  at  40  Hz.  Also,  the  vibration  levels  are  sharply 
reduced  at  the  resonance  frequency  of  the  heaviest  payload  element,  which 
occurs  at  about  88  Hz.  These  results  are  typical  of  all  three  test 
configurations  for  both  test  levels. 

As  a  final  point  of  interest,  the  gain  factor  (frequency  response  function 
magnitude)  for  each  resonant  element  of  the  payload,  relative  to  the  payload 
base,  was  computed  for  all  test  configurations  at  both  test  levels  using 

I  H(f )  |  -  [Gi±  (f  )/GXJC(f)  ] 1/2  ;  i  =  1,2,3  (49) 

where  G^(f)  is  the  autospectrum  of  the  vibration  measurement  on  the  ith 
resonant  element,  and  Gxx(f)  is  the  average  autospectrum  of  the  base  vibration 
measurements.  The  results  for  Test  Configuration  1  with  the  low  acoustic 
input  levels  are  shown  in  Figure  61.  These  results  are  typical  of  all  test 
configurations  at  both  test  levels.  The  gain  factors  appear  much  like  single 
degree-of-freedom  systems,  as  would  be  expected  for  the  resonant  elements. 
Although  the  effects  of  secondary  modes  are  clearly  present,  the  results 
reveal  dominant  modes  of  vibration  at  about  140  Hz  for  the  3  lb  element 
(measurement  5) ,  88  Hz  for  the  9  lb  element  (measurement  6) ,  and  210  Hz  for 
the  1.3  lb  element  (measurement  7).  In  all  cases,  the  peak  gain  factor  is 
about  10,  corresponding  to  a  damping  ratio  of  about  5%. 
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7.  SIMULATED  PAYLOAD  VIBRATION  TESTS 


7.1.  Introduction 

Two  vibration  experiments  were  performed  on  the  simulated  payload  used  in  the 
JSC  tests.  The  three  objectives  of  the  tests  were: 

A.  To  estimate  the  payload  mounting  point  inertance, 

B.  To  determine  the  relationship  between  shaker  current  and  force, 

C.  To  provide  confirming  data  for  vibration  test  procedures. 

First,  an  electro -mechanical  shaker  was  used  to  measure  the  self-  and  cross- 
inertances  at  each  of  the  four  mounting  points  of  an  unconstrained  payload  in 
the  laboratory  at  Astron.  Then,  the  relation  between  excitation  current  and 
shaker  force  for  the  MB  C-60  shaker  at  the  National  Technical  Services  (NTS) 
facility  in  Los  Angeles  was  determined.  From  this  relation  it  was  possible  to 
determine  the  total  inertance,  or  ratio  of  payload  base  acceleration  to  shaker 

table  applied  force.  In  these  latter  tests,  the  base  of  the  payload  was 

rigidly  attached  to  the  shaker  table  surface  and  constrained  to  move 
uniformly.  The  significance  of  these  two  measures  of  inertance,  and  the 
relation  between  them,  is  discussed  in  Section  7.4.  Results  of  the  tests  show 
consistent  and  physically  rational  behavior.  Test  procedures,  data  analysis 
methods,  and  interpretation  of  results  are  given  below. 

7.2.  Mounting  Point  Inertance  Measurements 

The  inertance  at  each  corner  mounting  point  of  the  simulated  payload  was 

determined  by  applying  a  known  force  at  the  point,  and  measuring  the  vibration 

response  at  the  point.  Additionally,  from  simultaneous  measurements  of  the 
motion  of  the  other  three  corners  and  the  individual  masses,  it  was  possible 
to  estimate  the  cross  inertance  factors.  The  test  configuration  is  shown  in 
Figure  62  and  associated  instrumentation  is  described  in  Table  17. 

The  payload  was  suspended  vertically  on  elastic  cords  attached  to  two  mounting 
points,  and  the  shaker  attached  to  one  of  the  lower  mounting  points.  A  broad 
band  random  force  with  flat  spectrum  from  10  to  800  Hz  was  applied  to  the 
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FIGURE  62.  PAYLOAD  MOUNTING  POINT  INERTANCE  TEST 


Table  17.  Inertance  Measurement  Instrumentation 


SHAKER:  Wilcoxon  F7/F4,  Piezoelectric/Electromagnetic 
FORCE  GAGE:  Wilcoxon  L7 
CHARGE  AMPLIFIER:  Endevco  2713 

ACCELEROMETER:  PCB  303A03,  2.3  gm. ,  with  480B  power  supply 
ANALYZER:  Hewlett-Packard  3562A  dynamic  signal  analyzer,  800  line  FFT 


mounting  point,  and  acceleration  response  measurements  made  at  each  of  the 
four  corner  mounting  points.  Each  measurement  set  consisted  of  the  force 
spectrum,  acceleration  spectrum,  frequency  response  function  [GpA(f)/Gpp(f) ] , 
and  coherence  function.  In  the  analysis,  100  one  -  second- length  records  were 
used  with  a  Hanning  window  of  1.5  Hz  bandwidth  to  estimate  the  spectral 
functions  at  1  Hz  increments.  These  functions  were  transferred  to  a  Compaq 
III  computer  via  an  IEEE-488  link  for  storage  on  a  1.2  MB  floppy  disk  for 
later  analysis,  manipulation,  and  plotting. 

As  noted  earlier  in  Section  6,  two  payload  configurations  were  tested  at  JSC. 
The  mounting  point  inertances  of  both  of  these  configurations  were  measured  at 
Astron.  The  total  payload  weight,  and  natural  frequencies  of  the  attached 
mechanical  oscillators  (weight/beam  combination)  was  the  same  for  both 
configurations,  but  the  location  of  the  oscillator  attachments  was  different, 
as  shown  in  Figure  63.  This  difference  is  reflected  by  a  change  in  the 
individual  mounting  point  inertances.  All  terms  of  the  4X4  inertance  matrix 
associated  with  translational  motion  in  the  direction  of  the  applied  force 
have  been  calculated  and  stored  on  floppy  disk,  but  only  the  diagonal  or  self- 
inertances  are  presented  in  this  report. 

Figures  64  and  65  show  the  measured  self - inertances  of  the  two  payload 
configurations.  It  is  noted  immediately  that  there  is  a  similarity  between 
the  inertances  at  locations  1  and  4,  and  between  the  inertances  at  locations  2 
and  3.  This  is  not  surprising,  for  there  is  an  axis  of  symmetry  with  both 
configurations  and  locations  1  and  2  are  mirror  images  of  locations  4  and  3, 
respectively.  There  are,  in  addition,  obvious  differences  between  the 
inertances  of  payload  1  and  payload  2. 
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FIGURE  63.  TEST  PAYLOAD  CONFIGURATIONS 
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FIGURE  64.  INERTANCE  OF  PAYLOAD  MOUNTING  POINTS,  CONFIGURATION  1 


Payload  Single  Mounting  Pt  Inertances.  Contlg.  2.  Payload  Single  Mounting  Pt  Inertances.  Config. 
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FIGURE  65.  INERTANCE  OF  PAYLOAD  MOUNTING  POINTS,  CONFIGURATION  2 


The  original  simulated  payload  design  was  conceived  to  have  three  mechanical 
oscillators  with  three  distinct  natural  frequencies.  By  its  construction 
however,  not  only  were  the  three  original  beam  bending  modes  present,  but 
other  modes  due  to  torsional  and  rocking  vibration  of  the  beam/masses  were 
also  excited  by  the  eccentric  excitation  of  a  force  at  a  single  mounting 
point.  The  modal  behavior  of  the  payload  masses  is  demonstrated  in  Figures  64 
and  65.  Dips  or  notches  in  the  inertance  correspond  to  natural  frequencies  of 
beam/masses  when  attached  to  a  rigid  frame,  and  the  maxima  correspond  to 
resonant  frequencies  of  coupled  modes.  If  the  frame  were  completely  rigid, 
and  were  driven  with  planar  motion  (all  points  on  the  base  moving  in  phase  at 
the  same  amplitude) ,  then  only  three  notches  and  peaks  would  be  present  in  the 
inertance  curves.  In  such  a  case  the  inertances  for  both  configurations  would 
also  be  identical. 

To  develop  the  inertance  of  the  complete  payload  on  the  basis  of  mounting 
point  data,  it  is  necessary  to  combine  the  measurements  properly.  Such  a 
procedure  is  described  in  Section  7.4.  This  process  requires  the  inversion  of 
complex  matrices  and  was  not  performed  in  the  current  work  phase.  Limiting 
approximations  demonstrate  the  validity  of  the  data,  but  more  accurate 
inertance  measurements  can  be  made  with  less  effort  by  exciting  the  complete 
payload  with  a  large  shaker.  This  procedure  and  results  are  given  in  the 
following  section. 

7 . 3  NTS  Vibration  Tests 

The  simulated  payload  in  configuration  1  (large  mass  in  center)  was  tested  on 
an  MB  Electronics,  Model  C-60  electromechanical  shaker  at  NTS  facilities  in 
Los  Angeles.  This  shaker  will  support  a  200  pound  test  item,  and  deliver  a 
maximum  of  6000  pounds  force  to  it.  The  test  payload  was  attached  flat  on  the 
shake  table  so  that  all  mounting  points  moved  uniformly  in  phase.  The 
objectives  of  this  testing  program  were  as  follows. 

A.  Determine  relationship  between  shaker  current  and  output  force. 

B.  Determine  relationship  between  payload  base  acceleration  and  oscillator 
mass  acceleration. 


C.  Determine  inertance  of  payload  to  uniform  base  motion. 

7.3.1  Current  -  to- Force  Determination 

In  an  electromechanical  shaker  there  is  linear  relationship  between  excitation 
current  and  the  electromotive  force  in  the  induced  field.  The  electromotive 
force  acts  to  move  the  armature  and  fixture,  as  well  as  any  test  item  attached 
to  the  fixture.  Under  the  assumption  that  the  armature  and  fixture  are  rigid 
in  the  frequency  range  of  interest,  the  force  applied  to  any  test  item  is 
given  by 

F(f)  =  K(f)C(f)  -  WTA(f)  (50) 

where 

F(f)  =  Force  applied  to  test  item,  pounds 
C(f)  -  Shaker  current,  amps 
WT  -  Weight  of  shaker  armature  and  fixture,  pounds 
A(f)  -  Acceleration  of  shaker  table,  g’s 
K(f)  =  Scale  function,  pounds/amp 

In  the  above  description,  the  frequency- dependent  force,  current,  and 
acceleration  may  be  defined  as  deterministic  functions  of  a  steady  state 
vibration,  or  as  Fourier  transforms  of  a  finite  time  sample  of  length  T.  The 
frequency-dependent  functions  may  be  complex  to  account  for  phase  shifts. 

To  determine  the  scale  function,  K(f),  a  broad  band  random  noise  current  with 
flat  spectrum  from  40  to  1000  Hz  was  applied  to  the  bare  shaker  (armature  and 
fixture  only,  no  test  item),  producing  a  table  acceleration  of  approximately  2 
g  rms .  A  signal  proportional  to  the  drive  current  was  taken  from  the  main 
power  amplifier,  and  was  identified  as  c(t).  An  accelerometer  mounted  on  the 
fixture  provided  the  acceleration  signal  a(t).  A  Hewlett-Packard  3562A 
Dynamic  Signal  Analyzer  was  then  used  to  generate  the  frequency  response 
function  between  the  acceleration  and  current, 

HCA<f>  “  GCA<f>/GCc(f>-  (51) 

The  scale  function  K(f)  is  then  found  from  the  relation 
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K(f)  =  WTHCA*(f)  (52) 

Ic  can  be  noted  in  passing  that  the  cross  spectra  and  transfer  functions 
generated  by  the  H-P  3562A  are  the  complex  conjugates  of  those  defined  in 
Reference  20.  In  this  report  the  analysis  and  data  presented  are  in  the 
Hewlett-Packard  notation.  Using  the  measured  values  of  armature  and  fixture 
weights  of  41  and  22.5  pounds  respectively,  the  scale  function  relating  shaker 
output  force  and  driving  current  was  computed.  It  is  presented  in  Figure  66. 
The  linearity  of  the  relationship  was  checked  by  computing  the  coherence 
between  current  and  acceleration  by  the  relation 

72(f)  =  |GCA(f )  |  2/tGcc(f  jG^Cf )  ]  (53) 

This  function  was  found  to  be  near  unity  for  all  frequencies,  except  at 
several  power  line  harmonics,  thus  indicating  good  linearity. 

The  scale  function  K(f)  shown  in  Figure  66  is  a  very  smooth,  nearly  constant 
in  value,  with  phase  angle  near  180  degrees.  In  later  calculations  its  exact 
value  has  been  used  at  all  frequencies,  but  in  many  situations  it  may  be 
acceptably  approximated  by  a  real  constant  with  the  average  value  of  -64.9 
pounds/amp.  Note  that  the  signal  used  in  developing  K(f)  is  not  the  true 
current  in  the  shaker,  but  is  only  proportional  to  it.  The  scale  factor 
resulting  from  this  test  is  applicable  only  to  the  particular  shaker  and 
amplifier  used.  Any  other  shaker  must  be  individually  calibrated  in  order  to 
take  into  account  how  the  signal  proportional  to  current  is  actually  generated 
in  the  power  amplifier. 

7.3.2  Payload  Mass  to  Base  Acceleration  Function 

Payload  configuration  1  was  attached  to  the  fixture  plate  at  the  center  of  the 
shaker.  Motion  at  the  four  corner  mounting  points  and  the  three  masses  was 
measured  by  Endevco  2220  accelerometers  driving  Endevco  2713  charge 
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ACCELERATION  LEVELS.  1.2  g  AND  5  g 


FIGURE  66.  SHAKER  CURRENT-ELECTROMAGNETIC  FORCE  RELATION,  MB  C-60  SHAKER 


amplifiers.  Prior  to  test,  the  accelerometers  were  amplitude-  and  phase- 
calibrated  using  a  GenRad  1557  Vibration  Calibrator.  All  accelerometers  were 
mounted  to  provide  a  positive  signal  for  upward  table  motion.  All 
accelerometer  signals,  as  well  as  excitation  current,  voltage,  and  an  NTS 
reference  accelerometer  signal  were  recorded  on  a  TEAC  XR-50  14-channel  FM 
tape  recorder.  Vibration  calibration  signals  and  voltage  calibration  signals 
were  also  recorded  on  the  tape  in  order  to  provide  an  end-to-end  system 
calibration . 

Two  tests  were  performed,  and  data  recorded,  using  a  table  acceleration 
spectrum  similar  to  the  JSC  unloaded  panel  spectrum,  with  overall  levels  of 
3.1  and  6.1  g  rms .  Plots  of  these  spectra  are  shown  in  Figures  67  and  68. 
On-line  real-time  analysis  of  accelerometer  signals  showed  resonances  near  44 
Hz,  144  Hz,  and  212  Hz.  The  lowest  frequency  gave  cause  for  concern,  for  the 
natural  frequency  of  the  largest  mass  (#6)  was  previously  measured  to  be 
approximately  87  Hz.  Disassembly  and  inspection  of  the  payload  showed  that 
the  beam  supporting  the  large  mass  had  suffered  fatigue  failure  from  the 
vibration,  and  was  completely  broken  at  the  mass-attachment  point. 

A  new  beam  was  installed  and  testing  resumed,  but  at  reduced  levels. 

Vibration  tests  were  performed  and  data  recorded  with  table  acceleration 
spectra  similar  to  the  JSC  loaded-panel  vibration  spectra  at  2.1  g  rms,  a 
modified  loaded-panel  spectrum  at  3.94  g  rms,  and  a  uniform  flat  spectrum  at  1 
g  rms.  These  spectra  are  shown  in  Figures  69  to  71.  Vibration  signals  were 
closely  monitored  and  analyzed  during  the  tests  to  detect  fatigue  failure.  No 
evidence  of  resonance  frequency  shift  was  observed  during  the  tests,  and 
inspection  of  the  components  after  the  tests  revealed  no  fatigue  failure. 
Following  the  above  described  tests,  the  payload  was  again  excited  with 
unloaded  panel  spectrum  at  a  level  of  3.43  g  rms,  but  failed  in  fatigue  before 
adequate  data  could  be  recorded. 

Tape  recorded  signals  were  played  back  into  the  Hewlett-Packard  3562A  analyzer 
for  spectrum  analysis.  Prior  to  data  analysis,  the  calibration  signals  were 
analyzed  in  order  to  establish  proper  sensitivity  (g/v  or  amp/v) .  Spectra, 
frequency  response  functions  and  coherence  between  the  individual  mass 
accelerometers,  the  base  mounting  point  accelerometers,  and  excitation  current 
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FIGURE  67.  NTS  SHAKER  TABLE  SPECTRUM,  UNLOADED  PANEL  SIMULATION. 


FIGURE  68.  NTS  SHAKER  SPECTRUM,  UNLOADED  PANEL  SIMULATION. 


FIGURE  69.  NTS  SHAKER  SPECTRUM,  LOADED  PANEL  SIMULATION. 
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FIGURE  70.  NTS  SHAKER  SPECTRUM,  LOADED  PANEL  SIMULATION. 
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were  generated  for  the  three  tests.  Representative  frequency  response 
functions  between  payload  masses  and  the  base  are  presented  in  Figures  72  and 
73.  The  relation  between  excitation  current  and  table  acceleration  is  shown 
in  Figure  74.  Note  that  the  current  and  table  acceleration  are  approximately 
-180  degrees  out  of  phase  over  most  of  the  frequency  range.  In  the  immediate 
vicinity  of  payload  resonances  the  phase  changes  rapidly,  passing  through  -90 
degrees  to  reach  a  maximum  value  and  then  returning  to  the  -180  degree  region. 
It  is  at  the  point  where  the  phase  is  closest  to  zero  that  the  acceleration- 
per-unit  of  current  is  minimum,  implying  that  a  large  force  is  required  to 
move  the  payload. 

7.3.3  Payload  Inertance 

Payload  inertance,  as  defined  in  the  context  of  a  shaker  test,  is  the  ratio  of 
payload  mounting  point  table  acceleration  to  the  total  force  applied  by  the 
shaker.  It  is  presumed  that  the  shaker  armature  and  fixture  are  rigid,_  and 
that  all  payload  mounting  points  move  in  unison  with  the  same  amplitude.  It 
is  equivalent  to  redefining  the  payload  to  have  only  a  single  mounting  point, 
and  restricting  its  motion  to  a  single  axis. 

As  noted  earlier,  the  total  force  applied  to  a  test  item  by  an 
electromechanical  shaker  is  related  to  the  driving  current  by  the  relation 

F(f )  =  K(f )C( f )  -  WTA(f)  (54) 

The  scale  factor  K(f)  and  shaker  weights  Wp  have  been  determined  from  earlier 
tests  described  in  Section  7.3.1.  Therefore,  the  force  applied  to  the  payload 
under  test  can  be  determined  from  the  shaker  current  and  acceleration  signals. 
The  payload  inertance  is  defined  by 

INERTANCE  -  1(f)  -  HpA(f)  -  GpA( f ) /Gpp( f ) .  (55) 

From  Eqs.  54  and  55,  the  inertance  can  be  expressed  in  terms  of  current  and 
acceleration  signals  as 
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(56) 


K(f)GCA(f)  -  W-pG^f) 

]K(f)|2Gcc(f)  +  Vi-2GAA(f)-2WTRe[K(f)GCA(f)] 

The  inertance  function  was  calculated  for  the  tests,  and  the  results  are 
presented  in  Figures  75  and  76.  The  inertance  calculated  for  the  loaded  panel 
spectrum  excitation  used  the  higher  level  (3.94  g  rms)  given  in  Figure  70.  By 
comparison  of  Figures  75  and  76  with  Figure  74,  it  is  seen  that  the  inertance 
has  minima  at  those  frequencies  where  the  phase  between  shaker  current  and 
acceleration  is  closest  to  zero.  The  phase  of  the  payload  inertance  is  also 
closest  to  zero  at  these  frequencies.  The  inertance  measured  for  the  two 
different  excitation  spectra  should  be  identical.  However,  variations  in 
spectral  levels  and  signal-to-noise  ratios  are  reflected  by  bias  and  low 
coherency  at  certain  frequencies,  resulting  in  some  differences  in  inertances 
calculated  from  the  measured  data.  Nevertheless,  the  principal  features 
remain  the  same,  and  a  smoothed  estimate  of  the  function  is  used  in  later 
applications . 

7 . 4  Discussion  of  Results 

The  tests  described  in  this  section  allowed  the  measurement  of  payload 
inertance  by  two  different  procedures.  It  is  necessary  that  the  results  be 
compared  in  similar  terms,  and  correlated  with  elementary  physical  models  in 
order  to  understand  the  modelling  and  to  verify  the  measurement  and  analysis 
procedures . 

Denoting  the  acceleration  at  mounting  points  by  the  column  matrix  (A) ,  the 
forces  applied  to  the  mounting  points  by  (F),  and  the  inertance  matrix  by  [I], 
the  equations  of  motion  of  the  payload  may  be  conveniently  written  as 

(A)  -  [ I ) ( F)  (57) 

where  the  harmonic  time  dependency  at  frequency  f  has  been  suppressed,  and  the 
elements  of  the  matrices  are  allowed  to  be  complex  quantities.  The  elements 
Ijj  in  the  inertance  matrix,  [I],  represent  the  acceleration  of  the  i - th  point 
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FIGURE  76.  PAYLOAD  INERTANCE  MEASURED  ON  NTS  SHAKER 
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when  a  unit  force  is  applied  to  j - th  point  and  all  points  are  allowed  to  move 
freely.  This  corresponds  to  a  mobility  matrix  when  velocity  is  the  dependent 
quantity  of  interest.  Following  the  relationship  between  mobility  and 
impedance,  the  apparent  weight  matrix,  [W] ,  is  defined  as  the  inverse  of  the 
inertance  matrix. 


Two  bounding  situations  are  of  interest: 


A. 

B. 


All  the  mounting  points 
The  mounting  points  are 


are  uncoupled  and  !—=(),  i*j 
completely  coupled  and  I^-=l/W 


In  the  first  case,  the  inertance  matrix  is 


[I] 


1-/W1  0  0  0 

0  1/W2  0  0 

0  0  1/W3  0 

0  0  0  1/W4 


and  the  motion  at  any  point  is 


Ai 


"  TiiFi 


Vwii 


(58) 


(59) 


In  this  simple  case,  the  apparent  weight  matrix  is  also  diagonal,  and  the 
individual  elements  are  the  inverse  of  the  corresponding  inertance  values. 
While  this  result  is  pleasing  from  an  intuitive  standpoint,  it  must  be 
stressed  that  the  elements  of  the  apparent  weight  matrix  are  not,  in  general, 
merely  the  reciprocals  of  the  inertance  matrix  elements.  A  more  complete 
discussion  of  these  concepts  is  presented  in  the  papers  of  O'Hara  [21]  and 
Rubin  [ 22 ] . 


The  second  condition  is  of  considerable  interest,  for  it  describes  the  motion 
of  a  r* “id  body  constrained  to  move  only  in  translation.  Application  of  a 
force  at  any  mounting  point  on  the  item  produces  uniform  motion  at  all  points, 
and  the  elements  of  the  inertance  matrix  are 
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Ijj  =  l/w,  for  all  i ,  j 


(60) 


Because  the  inverse  of  the  inertance  matrix  is  indeterminate,  a  slightly 
different  view  of  apparent  weight  must  be  taken.  Now,  the  system  is  reduced 
to  a  single  degree  of  freedom  and  the  inertance  is  defined  as  the  ratio  of 
acceleration  to  net  force, 

INERTANCE  =  A/ 1 1  F£  ]  =  (1/n2)  XX  Iy  -  1/W  (61) 


and  the  apparent  weight  is  the  total  weight. 

In  the  majority  of  cases  with  real  payloads,  the  inertance  matrix  elements  are 
neither  identically  zero  nor  unity.  When  such  a  payload  with  multiple 
mounting  points  is  attached  to  a  testing  shaker  and  the  points  are  constrained 
to  move  in  unison,  then  the  equation  of  motion  is 

{A)  =  All)  =  [I]{F)  (62) 

where  the  (1)  is  a  column  unit  vector  and  A  is  the  amplitude  of  the 
acceleration.  Multiplying  both  sides  by  the  inverse  of  the  inertance  matrix 
yields 


(F)  =  ! I ] ' 1 { 1 } A  (63) 

The  total  force  on  the  test  item  is  the  in-phase  sum  of  all  the  forces  at  the 
attachment  points,  or 

F  -  X  Fi  -  UMF)  (64) 

where  (1)  is  a  row  unit  vector.  Combining  the  terms  yields  the  inertance  of 
the  complete  test  item  as 

TOTAL  INERTANCE  -  (APPARENT  WEIGHT]'1  -  [ ( 1 ) [ I ] ' 1 { 1  )  ]  ' 1  (65) 

Thus,  the  inertance  or  apparent  weight  of  a  payload  mav  be  established  by 
combining  individual  mounting  point  inertances  measured  with  a  small  shaker, 
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or  by  mounting  the  test  item  on  a  large  shaker  and  using  Eq .  56  to  determine 
the  inertance  on  the  basis  of  current  and  acceleration  measurements.  It  is 
this  total  inertance  or  apparent  weight  which  must  be  used  in  establishing 
test  levels  and  shaker  equalization  procedures. 

In  a  launch  environment,  the  pavload/structure  attachment  points  are  free  to 
vibrate  in  any  motion.  During  a  vibration  qualification  test  however,  the 
payload  is  mounted  on  a  shaker  which  moves  all  attachment  points  in  complete 
unison  (equal  magnitude  and  no  phase  difference).  In  establishing  an  apparent 
weight  for  the  supporting  structure  it  is  this  motion  which  is  of  interest. 

The  inertance  (or  apparent  weight)  of  the  supporting  panel  may  be  determined 
from  measurements  of  self-  and  cross  - inertance  at  the  payload  mounting  points. 
At  low  frequencies  the  panel  acts  as  a  spring,  with  all  points  moving  in 
phase.  Additionally,  because  the  mounting  points  in  the  middle  bay  are  very 
close  to  the  axes  of  symmetry,  they  move  with  almost  the  same  amplitude.  The 
dimensions  of  the  test  panel  are  such  that  only  symmetric  modes  are  excited  by 
the  reverberant  acoustic  field  below  140  Hz.  Consequently,  the  payload 
mounting  region  behaves  much  as  a  rigid  plate  moving  uniformly,  and  Eq .  61  may 
be  used  to  estimate  the  total  inertance  from  the  inertance  measured  at  any 
mounting  point.  By  averaging  over  measurements  made  at  all  the  points,  minor 
irregularities  are  smoothed  out,  and 

APPARENT  WEIGHT  ~  (1/N2)  £1/1^  (66) 

ij 

By  the  argument  employed  to  derive  Eq .  65  for  the  inertance  or  apparent  weight 
of  the  payload,  a  similar  relation  may  be  developed  for  the  support  structure 
when  it  is  forced  to  move  in  only  uniform  translation  motion, 

APPARENT  WEIGHT  -  (1)  [I]"1  ll)  (67) 

Because  the  inertances  will,  in  general,  be  complex  quantities,  it  is 
difficult  to  develop  a  general  approximation  or  bound  for  the  apparent  weight. 
However,  at  high  frequencies,  where  the  input  "ibration  forces  would  be 
uncorrelated,  the  cross  - inertance  terms  will  be  similarlv  vanishingly  small. 
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Under  these  conditions  the  inertance  matrix  will  be  approximately  diagonal,  as 
will  its  inverse.  Consequently, 

APPARENT  WEIGHT  =  £  ( I j j ) ' 1  (68) 

Individual  mounting  point  inertances  illustrated  in  Figure  65  have  been 
combined  to  estimate  an  equivalent  total  inertance  using  Eq .  66,  and  are  shown 
in  Figure  77.  This  shows  that  both  payloads  satisfy  the  relation  in  the 
region  below  40  Hz.  As  a  consequence  of  the  eccentric  excitation  of  the 
payload,  many  extraneous  modes  are  excited,  resulting  in  numerous  peaks  and 
notches  in  the  inertance  function.  Nevertheless,  the  general  levels  of 
inertance  calculated  from  Eqs .  66  and  68  are  similar  to  those  measured  with 
the  payload  on  the  shaker  table  and  presented  in  Figures  75  and  76.  It  is 
expected  that  a  more  comprehensive  calculation,  using  all  the  individual 
mounting  point  cross  inertances,  would  result  in  closer  agreement. 

On  the  large  shaker  table  at  NTS,  all  mounting  points  are  moving  in  unison  and 
the  payload  acts  as  a  rigid  mass  at  low  frequencies.  Consequently,  the 
apparent  weight  should  be  equal  to  its  true  weight,  and  the  inertance  the 
reciprocal  of  this.  Figures  75  and  76  demonstrate  that  inertance  derived 
from  measurements  of  shaker  current  and  acceleration  yield  values  which  are 
close  to  theoretical  predictions. 

Additional  supporting  data  in  the  form  of  spectra,  cross  spectra,  coherence 
and  frequency  response  functions,  are  contained  in  Appendix  D.  All  original 
time  histories  have  been  maintained  on  the  tape  recordings.  All  spectral 
information  computed,  but  not  plotted,  is  stored  on  1.2  MB  floppy  disks  and  is 
available  for  further  examination  and  manipulation. 
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8.  EVALUATION  OF  TESTING  PROCEDURES 


Based  upon  the  results  of  the  acoustic  and  vibration  tests  summarized  in 
Sections  6  and  7,  the  three  candidate  procedures  for  performing  mechanical 
vibration  tests  with  proper  consideration  of  the  mounting  point  apparent 
weight  of  the  structure  supporting  the  payload  are  now  evaluated. 

8 . 1  Candidate  Procedures  and  Test  Requirements 

From  Section  2,  the  three  candidate  test  procedures  to  be  evaluated  may  be 
summarized  as  follows: 

1.  Input  Motion  Correction  Procedure  -  Calculate  a  correction  factor  for 
the  specified  vibration  input  to  account  for  mounting  structure  and 
payload  apparent  weights. 

2.  Blocked  Force  Limit  Procedure  -  Limit  the  specified  vibration  input  such 
that  shaker-pavload  interface  force  never  exceeds  the  "blocked  force" 
for  the  orbiter  sidewall. 

3.  Apparent  Weight  Simulation  Procedure  -  Modify  the  specified  vibration 
input  such  that  the  shaker-payload  interface  force  is  equal  to  the 
payload  input  force  if  assuming  the  unloaded  orbiter  sidewall  vibration 
were  equal  to  specified  level. 

All  three  procedures  involve  a  common  basic  assumption,  namely,  the  vibration 
test  specif ication  spectrum  represents  an  envelope  of  the  spectra  for  the 
unloaded  structural  vibrations  at  payload  mounting  points.  This  assumption  is 
justified  by  the  fact  that  the  envelope  of  spectra  for  loaded  structural 
responses  also  covers  the  spectra  for  unloaded  structural  responses,  as  shown 
in  Section  3.8.  All  three  procedures  also  require  the  following  information 
and  conditions. 
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1.  A  conservative  estimate  of  the  apparent  weight  of  the  orbiter  sidewall 
at  payload  mounting  points  (obtained  from  the  OV-101  tests,  as  detailed 
in  Section  5) . 

2.  A  measurement  of  the  shaker-payload  interface  force  using  shaker 
armature  current  (verified  by  the  vibration  tests  covered  in  Section  7). 

3.  A  measurement  of  the  shaker  table  acceleration  (as  currently  done  in 
conventional  vibration  tests). 

4.  A  limitation  on  the  frequency  range  to  be  below  the  first  resonance 
frequency  of  the  shaker  armature  and  all  fixtures  (should  not  be  a 
problem  below  200  Hz) . 

The  vibration  testing  system  required  for  all  three  procedures  is 
schematically  illustrated  in  Figure  78.  The  key  new  requirement  for  the 
vibration  testing  equipment  is  the  measurement  of  the  armature  current  and  the 
use  of  this  measurement  in  the  shaker  equalization  procedures.  For  the 
evaluation  tests,  the  required  equalization  procedure  was  conducted  off-line. 
Specifically,  the  shaker  input  spectrum  was  adjusted  to  approximate  the 
spectrum  of  the  input  to  the  payload  measured  during  the  acoustic  tests  (see 
Figure  67) .  All  payload  vibration  levels  were  then  scaled  as  required  to 
satisfy  the  applicable  test  criteria.  In  practice,  however,  all  but  the  first 
candidate  procedure  (input  motion  correction)  will  require  a  change  in  the 
shaker  equalization  software,  and  perhaps  some  hardware,  to  execute  the 
proposed  test  procedures  on-line. 

Beyond  the  need  to  do  all  computations  off-line,  the  evaluations  of  the 
candidate  test  procedures  were  limited  by  the  following  problems. 

1.  The  C-60  shaker  used  for  the  vibration  tests  had  an  armature  -  fixture 

weight  of  about  67  lbs.,  as  compared  to  the  payload  weight  of  only  21.5 
lbs.,  causing  the  necessary  calculations  to  involve  small  differences 
between  large  numbers. 
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FIGURE  78.  REQUIRED  VIBRATION  TEST  EQUIPMENT  FOR  CANDIDATE  TEST  PROCEDURES 


2.  The  unloaded  panel  vibration  levels  measured  during  the  acoustic  tests 
could  not  be  reproduced  in  the  vibration  tests  because  the  payload  broke 
before  these  levels  could  be  achieved. 

3.  The  apparent  weight  measurements  of  the  test  panel  used  for  the  acoustic 
tests  may  be  too  low  due  to  the  nonlinear  character  of  the  panel  (see 
Section  5) . 

4.  The  net  apparent  weight  of  the  test  panel  was  taken  to  be  the  sum  of  the 
apparent  weights  measured  at  individual  points,  as  given  by  Eq .  48, 
which  may  be  too  conservative  (excluding  nonlinear  effects)  at  the  lower 
frequencies . 

8 . 2  Evaluation  Techniques 

The  three  candidate  procedures  were  evaluated  using  the  vibration  response  of 

the  heaviest  resonant  element  of  the  payload  (accelerometer  location  6, 

referred  to  hereafter  as  the  "payload  response")  as  a  basis  for  comparison. 

The  evaluation  was  as  follows. 

1.  The  payload  response  was  computed  for  a  payload  input  vibration  spectrum 
equal  to  the  bare  panel  vibration  spectrum  measured  during  the  low  level 
acoustic  tests  (see  Figure  60).  In  other  words,  the  unloaded  panel 
vibration  response  during  the  acoustic  test  was  considered  to  be  the 
basic  vibration  test  specification. 

2.  The  vibration  input  to  the  payload  was  then  modified  in  accordance  with 
each  of  the  three  candidate  procedures,  and  the  payload  response  for  the 
corrected  input  vibration  level  was  computed. 

3.  The  spectrum  of  the  payload  response  produced  by  the  corrected  vibration 
test  was  then  compared  to  the  actual  payload  response  measured  during 
the  acoustic  tests. 

The  spectrum  of  the  payload  response  produced  bv  the  uncorrected  vibration 

test  and  the  spectrum  of  the  actual  payload  response  measured  during  the 
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accurate  test  are  shovn  in  Figure  79.  Note  that  the  uncorrected  vibration 
test  causes  an  over- test  of  the  payload  in  excess  of  four  orders  of  rr.agnitude 
(90  dB)  at  the  resonance  frequency  of  the  payload  element  being  considered 
(about  86  Hz).  This  result  again  clearly  demonstrates  the  severity  of  the 
over- test  that  can  occur  when  the  mounting  point  apparent  weight  for  the 
payload  mounting  structure  is  not  considered  in  performing  the  test. 

It  is  also  seen  in  Figure  79  that  the  actual  payload  response  during  the 
acoustic  test  exceeds  the  vibration  test  response  levels  at  frequencies 
between  30  and  50  Hz.  This  is  due  to  the  coupled  pane  1  -  pay  load  resonat.ee  peak 
that  is  not  simulated  in  the  vibration  test.  In  practice,  however,  an  under - 
test  at  these  frequencies  will  be  prevented  by  the  enveloping  procedure  used 
to  produce  the  vibration  test  levels  given  in  the  orbiter  sidewall  test 
specification  ( SD - CF- 0206 ) ,  as  discussed  earlier  in  Section  3.8. 

8 . 3  Input  Motion  Correction  Procedure 

In  review,  the  input  motion  correction  procedure  involves  the  following  steps. 

1.  Compute  the  net  inertance  (apparent  weight)  of  the  payload  on  the  s'naker 
(the  best  results  will  be  attained  with  shaker  input  levels  near  the 
corrected  test  levels). 

2.  Compute  the  corrected  input  motion  to  the  payload  from 

G^^If)  =  Css(f)/[1  +  (Wp/Wg)]t 

3.  Reduce  the  specified  test  level,  Gyy(f),  by  the  ratio,  G. .  ^ ( f ) /G^g  '  f )  ,  at 
those  frequencies  where  strong  payload  resonances  occur. 

The  first  step  was  executed  on  the  simulated  payload,  with  the  results  shown 
in  Figures  75  and  76.  It  is  seen  in  those  figures  that  the  minimum  values  of 
the  payload  inertance  at  resonances  are  different  for  the  two  different  input 
vibration  level.  For  evaluation  purposes,  the  inertance  values  in  Figure  75 
were  used,  since  thev  were  computed  with  an  input  vibration  level  store  like 
the  actual  input  vibration,  levels  measured  during  the  acoustic  tests. 
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NTS  Shaker  Tests  adjusted  to  JbC  Bare  Panel  Levels. 
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FIGURE  79.  PAYLOAD  RESPONSE  DURING  ACOUSTIC  TEST  AND  UNCORRECTED  VIBRATION  TEST 


Using  the  payload  inertance  in  Figure  75,  the  input  motion  correction 
procedure  was  applied  to  the  vibration  test  with  the  results  shown  in  Figure 
80.  Comparing  the  results  in  Figures  79  and  80,  it  is  seen  that  the  input 
motion  correction  procedure  reduced  the  over- test  of  the  payload  by  over  three 
orders  of  magnitude  (>30  dB)  in  the  frequency  range  of  the  resonance  frequency 
of  the  payload  element  (about  86  Hz).  The  pavload  response  levels  for  the 
corrected  test  input  in  the  frequency  range  of  the  payload  resonance  are  still 
higher  than  the  actual  levels  that  were  measured  during  the  acoustic  test, 
but  by  margins  generally  less  than  an  order  of  magnitude  ( < 1 0  dB) ,  which  is 
considered  an  acceptable  degree  of  overtesting. 

As  a  closing  point  of  caution,  had  the  pavload  inertance  values  given  in 
Figure  76  been  used  to  compute  the  input  motion  correction,  the  corrected  test 
results  in  Figure  80  would  have  been  slightly  lower,  at  some  frequencies,  than 
the  actual  vibration  response  levels  measured  during  the  acoustic  tests;  i.e., 
and  under- test  would  have  occurred. 

In  summary,  the  input  motion  correction  procedure  appears  to  work  with  the 
following  advantages  and  disadvantages. 

Advantage 

The  procedure  can  be  accomplished  with  present  shaker  equalizer  systems. 
Disadvantages 

1.  The  procedure  requires  a  preliminary  test  to  measure  the  net  payload 
apparent  weight  on  the  shaker. 

2.  Personal  judgment  is  required  to  iden  tify  those  payload  resonances  that 
should  reduce  (notch)  the  specified  test  level. 

3.  The  procedure  is  vulnerable  to  errors  due  to  possible  nonlinear  pavload 
response  characteristics ,  which  could  cause  an  unconservative  test. 
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FIGURE  80.  PAYLOAD  RESPONSE  DURING  INPUT  MOTION  CORRECTED  AND  UNCORRECTED 
VIBRATION  TESTS 


8 . 4  Blocked  Force  Limit  Procedure 

In  review,  the  blocked  force  limit  procedure  involves  the  following  steps. 

1.  Compute  the  shaker  table-payload  interface  force  from 

CFF(f)  -  |  K(  f )  I  2  Gcc(f)  +  UT2CM(f)  -  2UTRe[K(f)CCA(f)] 

2.  Compute  the  blocked  force  Ggg(f)  —  U^(f)Cjj(f)  for  the  payload  mounting 
structure . 

3.  Reduce  the  specified  test  level,  Gj-p(f),  by  rat  ,  Ggg(  f  )/Gpp(  f )  ,  at 
those  frequencies  where  Gpp(f)  >  Ggg(f). 

The  above  procedure  was  applied  to  the  vibration  test  of  the  payload  with  the 
results  showm  in  Figure  81. 

As  for  the  input  motion  correction  procedure,  it  is  seen  in  Figure  81  that  the 
blocked  force  limit  procedure  reduces  the  over- test  at  the  resonance  frequency 
of  the  payload  element  by  about  30  dB ,  but  is  still  conservative  in  this 
frequency  region  relative  to  the  actual  payload  response  measured  during  the 
acoustic  test  (Figure  79).  It  is  also  seen  in  Figure  81  that  the  blocked 
force  limit  procedure  (which  is  not  a  simple  notching  procedure,  but  applies 
over  the  entire  frequency  range)  reduced  the  payload  response  somewhat  at  the 
frequencies  of  the  other  payload  element  resonances  (about  140  and  210  Hz) ,  as 
well  as  at  all  frequencies  above  200  Hz.  These  reductions  are  somewhat 
greater  than  the  actual  reductions  seen  in  Figure  79,  probably  because  of  the 
suspected  under-estimation  of  the  mounting  point  apparent  weight  of  the 
acoustic  test  panel  mentioned  earlier.  In  any  case,  this  would  not  cause  an 
under- test  in  practice  with  an  enveloped  type  test  specif ication  due  to  the 
inherent  conservatism  of  the  enveloping  procedure  discus^  I.  Section  3.8. 

In  summary,  the  blocked  force  limit  procedure  works  well  with  the  following 
advantages  and  disadvantages. 
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FIGURE  81.  PAYLOAD  RESPONSE  DURING  BLOCKED  FORCE  LIMIT  AND  UNCORRECTED 
VIBRATION  TESTS 


Advantages 


1.  The  procedure  requires  no  knowledge  of  the  payload  apparent  weight. 

2.  The  procedure  is  not  vulnerable  to  errors  due  to  possible  nonlinear 
payload  characteristics. 

3.  The  procedure  automatically  corrects  the  specified  test  levels  for 
payload  weight,  as  well  as  resonant  responses. 

Disadvantages 

The  procedure  requires  a  modification  of  the  present  shaker  equalizer 
systems  to  be  executed  online. 

8 . 5  Apparent  Weight  Simulation  Procedure 

In  review,  the  apparent  weight  simulation  procedure  involves  the  following 
steps  . 

1.  Compute  the  equivalent  free  vibration  level  of  the  mounting  structure 
C'ss(f)  -  ( | K( f ) | 2GCC( f )  +  |WQ(f)|2GAA(f)  +  2ReiK(f)W0*(f)CCA(f)]]/|Vs(f)!2 

where  WQ(f)  -  ( f )  -  U’T 

2.  Equalize  the  shaker  to  make  G'gg(f)  *  G.p-p(f),  the.  specified  test  level, 
except  never  let  G^if)  >  Gy~(f). 

The  above  procedure  was  applied  to  the  vibration  test  of  the  payload  with  the 
results  shown  in  Figure  82.  Because  the  shaker  equalizer  used  for  the  tests 
was  not  able  to  do  the  online  calculation,  an  iterative  procedure  was  vised,  as 
described  in  Section  8.1,  and  the  final  results  shown  in  Figure  82  were  scaled 
fiom  measured  data  for  a  close,  but  not  exact,  apparent  weight  simulation 
input  from  the  shaker. 


NTS  Shaker  Tests  adjusted  to  JSC  Bare  Panel  Levels. 
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FIGURE  82.  PAYLOAD  RESPONSE  DURING  APPARENT  WEIGHT  SIMULATION  AND  UNCORRECTED 
VIBRATION  TESTS 


Referring  to  Figure  82,  the  apparent  weight  simulation  procedure  reduces  the 
over- test  at  the  resonance  frequency  of  the  payload  element  by  about  30  dB, 
just  as  for  the  input  motion  correction  and  blocked  force  limit  procedures. 

The  apparent  weight  simulation  procedure  also  produces  some  test  level 
reductions  at  the  resonance  frequencies  of  the  other  two  payload  elements,  and 
at  most  frequencies  above  200  Hz,  similar  to  the  blocked  force  limit 
procedure.  However,  the  reductions  at  the  higher  frequencies  are  not  as  great 
as  those  which  occurred  for  the  blocked  force  limit  procedure,  and  are 
somewhat  closer  to  the  correct  result  shown  in  Figure  79. 

In  summary,  the  apparent  weight  simulation  procedure  works  well  with  the 
following  advantages  and  disadvantages. 

Advantages 

1.  The  procedure  provides  the  most  accurate  simulation  of  the  input 
vibration  to  the  payload. 

2.  The  procedure  requires  no  knowledge  of  the  payload  apparent  weight. 

3.  The  procedure  is  not  vulnerable  to  errors  due  to  possible  nonlinear 
payload  response  characteristics. 

4.  The  procedure  automatically  corrects  the  specified  test  levels  for 
payload  weight,  as  well  as  resonant  responses. 

Disadvantages 

The  procedure  requires  a  modification  of  present  shaker  equalizer 
systems  to  be  executed  online. 

8 . 6  Summary 

All  three  candidate  procedures  yielded  good  results  for  the  test  case 
considered.  From  a  practical  viewpoint,  the  blocked  force  limit  procedure  is 
considered  the  most  attractive  of  the  three  approaches  because  it  is  generally 
the  simplest  to  implement.  However,  the  apparent  weight  simulation  procedure 
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is  also  attractive  if  the  required  algorithms  can  be  implemented  in  real  time 
on  shaker  equalizers. 

To  demonstrate  the  application  of  the  blocked  force  limit  procedure  with  a 
conventional  envelope  test  specification,  assume  a  specification  is  generated 
by  enveloping  the  payload  input  vibration,  using  a  combination  of  loaded  and 
unloaded  mounting  structure  vibration  measurements  from  the  JSC  acoustic  test, 
as  illustrated  in  Figure  83.  By  scaling  the  vibration  test  data  in  Section  7 
to  this  input  level,  the  vibration  response  of  the  payload  (the  response  of 
the  heavy  resonant  element),  with  and  without  the  blocked  force  limit  applied, 
would  be  as  shown  in  Figure  84.  Also  shown  in  Figure  84  is  the  actual  payload 
response  measured  during  the  acoustic  tests.  Again  it  is  seen  that  the 
blocked  force  limit  procedures  dramatically  reduces  the  overtest  of  the 
payload  at  its  resonance  frequency  by  about  30  dB,  but  still  provides  a 
conservative  test  relative  to  the  actual  response  measured  during  the  acoustic 
test . 
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FIGURE  84.  PAYLOAD  RESPONSE  TO  CORRECTED  AND  UNCORRECTED  VIBRATION  TEST  SPECIFICATION 


9.  CONCLUSIONS  AND  RECOMMENDATIONS 


Three  separate  procedures  have  been  formulated  for  performing  mechanical 
vibration  tests  on  orbiter  s idewall -mounted  payloads  in  a  manner  that  accounts 
for  the  mounting  point  inertance  (or  apparent  weight)  of  the  orbiter  sidewall, 
and  hence,  avoids  the  overtesting  problem  that  commonly  occurs  in  conventional 
vibration  tests  at  the  frequencies  of  payload  resonances.  The  three 
procedures  are: 

(a)  A  method  based  upon  correcting  the  vibration  test  shaker  input  motion  to 
the  payload  to  account  for  the  mounting  point  apparent  weight  (input 
motion  correction  procedure) , 

(b)  A  method  that  limits  the  input  force  from  the  vibration  test  shaker  to 
no  more  than  the  blocked  force  produced  by  the  orbiter  sidewall  (blocked 
force  limit  procedure), 

(c)  A  method  that  allows  the  vibration  test  shaker  to  simulate,  in  real 
time,  the  apparent  weight  of  the  orbiter  sidewall  (apparent  weight 
simulation  procedure) . 

The  three  procedures  have  been  experimentally  verified  using  acoustic  and 
vibration  test  data  measured  on  a  special  test  panel  and  simulated  payload 
assembly.  The  test  results  indicate  all  three  procedures  work  well,  but  the 
blocked  force  limit  procedure  is  generally  the  easiest  to  implement.  On  the 
other  hand,  the  apparent  weight  simulation  procedure  has  the  potential  for 
providing  the  most  accurate  simulation  of  the  payload  vibration  environment. 

The  three  procedures  require  certain  common  information,  as  follows: 

1.  A  knowledge  of  the  mounting  point  apparent  weight  of  the  orbiter 
structure . 

2.  The  ability  to  measure  the  interface  force  delivered  by  the  shaker  to 
the  payload. 
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The  blocked  force  limit  and  apparent  weight  simulation  procedures  also  require 
a  shaker  equalization  system  that  can  simultaneously  control  the  input  force 
and  motion  from  the  shaker  to  the  payload.  The  input  motion  correction 
procedure  also  requires  a  knowledge  of  the  net  driving  point  apparent  weight 
of  the  payload. 

To  determine  the  mounting  point  apparent  weight  of  the  orbiter  structure,  a 
series  of  experiments  were  performed  on  OV-101  (the  first  orbiter  vehicle)  to 
measure  the  apparent  weights  of  the  sidewall  along  the  three  orthogonal  axes 
at  representative  mounting  point  locations  for  sidewall -mounted  payloads  (more 
specifically,  the  attachment  points  for  Adaptive  Payload  Carriers  ).  The 
results  of  these  tests  satisfy  Requirement  1  above. 

To  provide  a  simple  force  measurement  procedure,  extensive  tests  were 
performed  on  an  electrodynamic  shaker  to  investigate  the  relationship  between 
the  armature  current  and  the  interface  force  between  the  shaker  table  and  a 
load.  The  results  confirmed  that  there  is  a  highly  linear,  noise  free, 
relationship  between  current  and  force  that  can  be  determined  for  any 
electrodynamic  shaker  with  a  wire-wound  armature  (a  linear  current- force 
relationship  will  not  exist  for  certain  large  Unholtz-Dickie  shakers). 

Concerning  the  shaker  equalization  system,  present  ■'baker  equalizers  are 
designed  to  control  only  table  motion,  not  force.  However,  it  appears  that 
the  required  changes  in  the  present  equalizers  might  be  implemented  without 
substituting  a  completely  new  equalizer,  at  least  for  some  models. 

For  the  input  motion  control  procedure,  which  requires  a  knowledge  of  the 
driving  point  weight  of  the  payload,  a  technique  has  been  developed  and 
verified  for  measuring  the  driving  point  apparent  weight  of  any  payload  on  an 
electrodynamic  shaker.  The  procedure  requires  the  use  of  the  shaker  current  as 
a  measure  of  force,  but  does  not  require  an  alteration  of  the  present  shaker 
equalizer  systems. 

In  summary,  the  following  general  conclusions  are  drawn  from  the  studies 
reported  herein. 
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1.  Three  different  practical  and  successful  techniques  have  been  developed 
and  experimentally  verified  for  performing  improved  mechanical  vibration 
tests  on  orbiter  sidewall -mounted  payloads. 

2.  All  the  basic  information  needed  to  apply  the  new  vibration  test 
procedures  to  orbiter  sidewall-mounted  payloads  (assuming  they  were 
rigidly  attached  to  the  sidewall)  has  been  obtained. 

The  final  remaining  problem  has  to  do  with  the  fact  that  orbiter  sidewall- 
mounted  payloads  are  not  rigidly  attached  to  the  orbiter  sidewall.  Instead, 
sidewall-mounted  payloads  are  attached  to  Adaptive  Payload  Carriers  (APC) 
that,  in  turn,  are  attached  to  the  orbiter  sidewall  at  three  points  with  loose 
fits  to  allow  for  thermal  expansion  problems.  Along  the  lateral  (y)  axis,  in 
particular,  the  APC  attaches  to  the  sidewall  with  a  25-mil  gap  at  all  three 
attachment  points.  It  is  not  clear  at  this  time  how  this  gap  will  influence 
the  improved  vibration  test  procedures  that  have  been  developed. 

In  light  of  the  above  noted  problem,  the  following  recommendations  are  made. 

1.  Investigate  the  APC  mounting  gap  problem  and  formulate  possible 
solutions . 

2.  Perform  further  acoustic  and  vibration  tests  on  the  test  panel  and 
simulated  payload  assembly  used  for  the  present  study,  but  with  a  gap 
between  the  payload  and  (a)  the  panel  for  the  acoustic  tests,  and  (b) 
the  shaker  for  the  vibration  tests. 

3.  Re-evaluate  the  improved  test  procedures  developed  in  the  present  study 
when  the  payload  is  loosely  mounted,  and  establish  a  final  appropriate 
test  procedure. 

4.  Verify  the  final  test  procedure  through  a  vibration  test  of  a  simulated 
Oasis  2  payload  mounted  on  an  actual  APC  with  a  loose  attachment  to  the 
shaker . 
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The  results  of  the  above  recommended  activities  should  permit  the  final 
formulation  of  an  improved  test  procedure  for  orbiter  sidewall  mounted 
payloads  that  will  be  effective  even  with  the  loosely-mounted  APC . 
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